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ABSTRACT 
The aim of the present work was to investigate the evolution of thermal and 
mechanical properties during the polymerisation of a thermosetting resin that is typical 
of those used as the matrix in advanced composites. The mechanism of the cure reaction 
was studied using differential scanning calorimetry (DSC) in both dynamic (thermal 
scanning) and isothermal modes, and procedures for correlating the two types of 
calorimetric data were developed. The model finally chosen encapsulates the diffusion- 
controlled mechanism of reaction by establishing a one-to-one relationship between the 
degree of cure and the glass transition temperature, which is assumed to be a structural 
parameter during the polymerisation. A detailed experimental investigation of specific 
heat capacity, thermal conductivity, secondary transformations (gelation and 
vitrification), thermal and chemical volume changes and stress relaxation moduli was 
carried out to establish a suitable database for the resin. Where possible, a closed 
analytical model was employed; alternatively, an interpolation procedure was developed 
to evaluate the changes in a selected property during a more complex temperature 
profile. Experimental equipment was developed to perform shrinkage measurements on 
the neat resin system; the results obtained were later compared with experimental data 
from standard liquid dilatometry tests. 
A simulation of the curing of a bi-material cantilever beam is presented as a test case 
to highlight the influence of property changes on the final curvature. Sample curvature 
during the experiment was recorded using a digital camera and then analysed using 
graphical software. The correlation between the observed values of curvature and the 
results of a finite element based simulation was used to validate the kinetics model and 
property modelling for the chosen thermosetting resin. 
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k internal heat generation per unit volume of resin 
K thermal conductivity tensor 
V() gradient operator 
K; i ij component of thermal conductivity tensor 
p, resin density 
OHT total heat of reaction 
a, b-, c " constant parameters 
h general convection coefficient 
keff effective thermal conductivity 
location vector 
stress tensor 
ax, ay, 0 normal components of the stress tensor 
r9r. YZ ,r shear component of the stress tensor 
Cy general (normal and shear) component of the stress tensor 
anon-meck non mechanical strain tensor 
ICU kl components of non mechanical strain tensor k! 
XI 
dt' differential time 
CUM ijkl components of the relaxation modulus tensor 
aT shift factor 
reduced time 
age, degree of cure at gelation 
0 ply orientation angle 
0 material domain 
8T6ermal-Expansion thermal expansion strain 
eChemical-Shrinkage chemical shrinkage strain 
SMoisture-Absorption moisture absorption strain 
CPhysical-Aging Physical Aging strain 
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TE 
principal coefficient of thermal expansion 
y, I principal shrinkage coefficient 
yk, principal coefficient of moisture expansion 
m moisture content 
k, k,, k2 rate constant of kinetics model 
Ea activation energy of kinetics model 
A rate coefficient of kinetics model 
n, m reaction order 
r fixed temperature value 
I" fixed temperature rate value 
yrýý temperature function 
k,. temperature dependent reaction rate 
kd chemical control reaction rate 
Tg glass transition temperature 
CI, C2 WLF constants 
Ed diffusion control activation energy 
f free volume 
XII 
Tmeiting melting temperature 
AHmerl; 
ng melting enthalpy variation 
H() enthalpy function 
Sbackground DSC signal 
S molar entropy 
so molar entropy for unreacted system 
S molar entropy for fully reacted system 
CPO specific heat capacity for unreacted system 
CP. specific heat capacity for fully reacted system 
C1 C 
PO specific heat capacity for a unreacted liquid system 
Cg 
PO specific heat capacity for fully reacted glassy system 
C1 specific heat capacity for an unreacted liquid system 
C specific heat capacity for a fully reacted glassy system 
A DiBenedetto parameter 
G' dynamic storage modulus 
G" dynamic loss modulus 
CP°" specific heat capacity of the DSC pan 
AT modulated temperature amplitude 
w modulated temperature frequency 
AAT amplitude of heating rate oscillation 
kcai_const thermal conductivity calibration constant 
P modulated temperature period 
kunk_mat thermal conductivity of unknown material 
De dimensionless number 
ZP single relaxation time 
td characteristic time 
T1ef WLF reference temperature 
XIII 
To WLF reference temperature 
In natural logarithm 
specific heating rate 
tgel time of gelation 
X concentration of reactive group 
k' apparent rate constant 
R gas universal constant 
Evil activation energy at vitrification 
k, 
ub thermal conductivity 
for rubbery system 
TTMA 
glass transition temperature by TMA test 
T DSC glass transition temperature by DSC test 
YCTEgrassy coefficient of thermal expansion 
Y0CTEglassy coefficient of thermal expansion for uncured glassy system 
YýTEglassy coeff. of thermal expansion for a fully cured glassy system 
Tgo glass transition temperature for an unreacted system 
T8. glass transition temperature for a fully reacted system 
E relaxation modulus 
dummy time 
Eo modulus for a non- relaxed system 
Ew modulus for a totally relaxed system or ultimate modulus 
Car cure-dependent polynomial coefficient 
H(r) relaxation spectrum function 
r relaxation time 
A, H , 
A211,411 relaxation spectrum fitting parameter 
x statistical correlation coefficient 
ETANG tangent Young's modulus 
, 6(a) cure dependent KWW parameter 
XIV 
B) Abbreviations (by order of appearance) 
CLT Classical Laminate Theory 
FEM Finite Element Method 
FE Finite Element 
CTE Coefficient of Thermal Expansion 
RTM Resin Transfer Moulding 
TETA TriEthyleneTetraAmine 
DTA DiethyleneTriAmine 
CHS Coefficient of Hygroscopic Swelling 
HTSCC Hygro-Thermal Curvature Stable Coupling Laminate 
DSC Differential Scanning Calorimetry 
MDSC Modulated Differential Scanning Calorimetry 
NMR Nuclear Magnetic Resonance 
TBR Torsional Braid Rheometer 
TMA Thermal Mechanical Analysis 
DMA Dynamic Mechanical Analysis 
DMTA Dynamic Mechanical Thermal Analysis 
DTA Differential Thermal Analysis 
GA Genetic Algorithm 
EV Evolutionary Programming 
ESs Evolutionary Strategies 
WLF William-Landel-Ferry model 
KWW Kohlrausch-Williams-Watts model 
/PREP? Pre-Processor ANSYS module 
/SOLU Solution ANSYS module 




This chapter will be used to introduce the main body of the present work. Three main 
sections will group all eleven chapters, according to the following scheme: 
- Section I: chapters 2-3 
This section, consisting of chapters 2 and 3, introduces the goals of this project and 
describes the approach to accomplishing these goals, with particular interest in the main 
factors affecting the phenomenology. Each contribution will be analysed to understand 
firstly the physics and secondly the measurement techniques; in some cases, a 
mathematical description will be also reported. 
In chapter 2 the Classical Laminate Theory (CLT) will be introduced as the starting 
point and the common approach to the problem, along with its limitations and 
restrictions. At the end of this chapter a generalised linear viscoelastic theory, valid for 
polymer and polymer composite materials, coupled with a full heat transfer equation 
will be presented. 
Chapter 3 describes the main techniques used for the experimental investigation. 
This chapter is divided into four parts, each relating to the different material properties 
investigated during this work. 
- Section II: chapters 4-5-6-7-8 
In this section, which corresponds to the main body of the thesis, the results of the 
experimental investigations required for the finite element model will be presented in 
detail. This characterization will outline the main transformations occurring during the 
curing stage of thermosetting materials. 
Chapter 4 will present the results of the cure kinetics model, the comparison between 
model predictions and test data. It will also describe, the methodology of use of genetic 
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algorithms, which will be used for the searching of the best set of cure kinetics 
parameters. 
Chapter 5 will introduce the main transformations of gelation and vitrification, which 
occur during the cure of these reactive materials; experimental results will be reported 
also. Chapter 6 will present thermal material property changes (i. e. specific heat 
capacity, thermal conductivity) during the cure. 
Chapter 7 will report the experimental test results about dimensional variations 
during the cure. The effects of the temperature and cure reaction will be outlined. 
Important results about coefficient of thermal expansion will be described for the case 
of partially cured samples. The shrinkage effect will be correlated to the degree of cure, 
using the results of tests measurements made with a homemade liquid dilatometer. 
Comparisons with data obtained by a GNOMIX liquid dilatometer of the National 
Physical Laboratory will be made. 
Chapter 8 presents the viscoelastic material properties of the resin during the cure. 
Time temperature superposition principle will be used to draw master curves of partially 
cured samples and two different attempts for modelling the evolution of the resin 
modulus will be described and compared with results found. 
- Section III: chapters 9-10 
Chapter 9 presents the test case used as comparison with the coupled thermal- 
structural stress analysis performed by using a commercial FE Software (ANSYS 
v. 5.7). The chapter will describe the real test case considered to validate the model and 
then the finite element model schematisation run by the software. Some observations 
about the stress and the temperature distribution, enhanced by the changing of the 
thermal and mechanical properties of the resin will be made by comparison with the 
case of constant materials properties. 
In Chapter 10 the overall conclusions of this project will be summarised and 
recommendations for further investigation will be made. 
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Chapter Two 
Warpage and Residual Stresses in Polymers and 
Polymer Composite Materials 
Introduction 
In order to address the issue of understanding how residual stresses and deformation 
develop during the manufacturing process, it is crucial to: 
> describe the physics of the phenomena; 
> outline the theoretical background of the main phenomena involved; 
> identify the factors that can affect the phenomena, along with their coupling effects; 
> develop the necessary mathematical equations, which can unequivocally describe 
and accurately predict all the physical variables under different conditions. 
A general literature survey has been conducted in the area of modelling and 
monitoring of residual stresses and warpage in composite materials with a polymeric 
matrix. Its aim is to provide the direction of the present PhD work, and at the same time 
give an overview of the academic and industrial research efforts in this field, to date. 
After a brief description of the two phenomenological problems, the most interesting 
and efficient developments in both experiment and theory will be described in this 
chapter. 
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2.1 Mechanisms of Warpage and Residual Stress Development 
Warpage in thermosetting matrix composite components during manufacture is a 
problem for all facets of the composite industry. There are many important applications 
of polymer-based composite materials that are significantly affected by these kinds of 
problems. 
In the microelectronics industry, the printed wiring board (PWB) is an integral part 
of the total electronic packaging system, the main functions of which are to provide the 
electrical interconnections between the individual electronic devices and to act as the 
primary structure that supports all of the component parts. In the manufacture of circuit 
boards, epoxy/glass pre-pregs are placed between thin epoxy/glass laminates (the inner 
layer) that carry various conductor patterns (Fig. 2.1). This assembly becomes a multi- 
layer circuit board through processing at an elevated temperature and pressure. The 
inner layers' must meet initial design requirements for dimensional tolerances, and the 
dimensions must be maintained for all the multi-layer processing. Because of the 
viscoelastic nature of the epoxy resin used in the inner layer, it is difficult to achieve 
permanent dimensions. So dimensional changes occur, and only a few tenths of a 
percent over days, weeks, or even months can be extremely troublesome for many 
electronic and computing devices. Depending also on the overall assembly, these time- 
dependent dimensional variations are the response of the materiale to mechanical, 
thermal or chemical loads, whether internally or externally applied. 
Inner La pr ° _ý ýý Composite Substrate 
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Important structural members used in automotive, aerospace or aeronautic 
applications, including channels, angle components, composite cylinders, L or T open 
section profiles and simple laminates (see fig. 2.3), all show distortion phenomena 
building up throughout the manufacturing process (see fig. 2.2 for spring-in definition 
of angle element). 
Fig. 2.2 Angle channel model 
The curvature of these parts changes unexpectedly when they are subjected to 
changes in temperature or when a temperature gradient arises during the fabrication 
stages. 
4/co r 4. , 4-s .ý 
Fig. 2.3 Warpage of real composite laminate (Courtesy of Jim I Turley, Crantield University) 
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This curvature plays the major role in the angle change occurring in the corners of 
composite parts during cure. Such reductions in the included angle, where the out-of- 
plane contraction is higher than the in-plane contraction, are referred to as "spring- 
in , 3'4'5, while distortions in composites or multi-layer material laminates are generally 
referred to as "curling" or "warpage". Generally, specialists rely on trial-error rules 
(rules of thumb) to design the geometry of the mould to compensate for this distortion 
and obtain a final part having the specified shape. This compensation becomes very 
difficult to achieve and at the same time is very expensive in terms of time and money if 
a complex geometry or a new material are involved. When the polymer or polymer 
composite is released from the mould after cure, residual stresses previously frozen into 
the part are released and shape distortions become evident. There are two scales to be 
considered in analysing residual stresses (Fig. 2.4): 
= considering a single ply as the constitutive unit of a general thermosetting composite 
laminate, residual thermal stresses due to thermal shrinkage build up even if the same 
material is used for all the plies in the layered composite. In other words, for a 
laminate to develop residual stresses, it does not have to have a hybrid configuration, 






Fig. 2.4 Schematisation of composite materials at a) meso-level b) micro-level 
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We can explain the source of residual stresses by noting that if, as a result of a 
temperature change, the whole of the laminate were allowed to deform freely, then 
there would be no external loads acting on the laminate. However, an individual ply in 
the layered composite is not allowed to deform freely, owing to the presence of 
adjacent plies above and below it, which have different fibre orientations. Now, the 
adjacent ply may be made of the same material, but observing that the thermal 
coefficient of expansion, like all properties of an orthotropic material (e. g. a 
continuous fibre composite) will change with the angle of orientation of the adjacent 
ply, and therefore will prevent the adjoining ply from deforming freely. These stresses 
can be identified as through-thickness residual stresses, while the analysis is referred 
to as meso- or macro-level analysis. 
if, instead, the analysis is initially focused on a single ply, then the logic of the 
phenomenon is the same as what happens in a bi-material compound beam6, and the 
analysis will be directed on the interaction between fibre and the matrix, in the case 
of composite, or material A and B in the case of bi-material laminate. Different 
combinations of materials (fibre-resin or material A-material B) each with a different 
coefficient of thermal expansion (aebre ash;,, ) are subjected to diverse thermal 
strains; however, the retained dimensions and the compatibility of the part act as a 
constraint upon the inherent deformation. For this reason each material is forced to 
adopt a different configuration from the natural one that the unconstrained material 
would achieve, and residual strains (and hence residual stresses) are developed. 
These stresses can be identified as micro-residual stresses while the analysis is 
referred to as micro-level analysis. 
2.2 Factors affecting shape distortions and residual stresses 
2.2.1 Effect of mould 
Moulds and tooling contribute to manufacturing distortion, since they provide an 
external restraint to the component during processing. In fact, the apparent distortion in 
these cured components has been explained in terms of mismatch in the coefficients of 
thermal expansion (CTE) between the tooling and the component, or by the part/tool 
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sticking (it will be verified that this factor is not the only one to explain the 
phenomenology). This thermal expansion mismatch is usually worse when the 
composite material is a carbon fibre/epoxy laminate, because of the extremely low 
thermal expansion values of the carbon reinforcement compared to traditional tooling 
materials. 
Based on these considerations the only way to solve the warpage problem would be 
to match the thermal expansion of the tool with that of the composite component. For 
this reason, highly specialised low thermal expansion tooling material has been 
investigated and produced. However, in spite of the availability of such kinds of tooling 
material, an effective total solution of the problem has not been achieved, and for many 
manufacturers the solution to this kind of problem is usually an iteration of tooling 
geometry until the final distorted composite component matches the design shape'. 
Consequently, in correctly evaluating the final production costs, it has also to be 
considered that the resulting tooling does not exactly duplicate the part, and is unlikely 
to yield the correct shape if the constituents of the composite or the processing 
parameters are changed. Therefore, the extra costs related to unwanted distortions (and 
associated residual stresses) force the manufacturers to understand their sources and to 
focus their efforts on resolving the problem or at least on optimising the processing 
conditions. 
2.2.2 Mould material and mould surface 
The material used to make the moulds can also affect the magnitude of the final 
distortion. RTM moulds are usually made of aluminium or steel. Because of the 
differences between their coefficients of thermal expansion, heating or cooling these 
moulds can have different effects upon the shape distortion and the magnitude of the 
residual stresses. 
Sarrazin et al. 8 have demonstrated this principle for composite plates manufactured 
using aluminium and ceramic tools, and identified a concurrent source of shape 
distortion in the final part with the mismatch in thermal conductivity. The properties of 
the mould surface can also affect these distortion phenomena. Fernlund ct al -9 in their 
recent work on spring-in of C-channels made from carbon/epoxy prepregs have verified 
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that using aluminium tools with no release agent can reduce the spring-in, which has a 
value of about 20% of the spring-in observed when the tools are treated with release 
agent. Cho and co-workers1° have also investigated the effects of tool surface. Tests 
performed using different kinds of tools (aluminium tools with rough surfaces, smooth 
surfaces and rubber tools) have shown that increasing the slippage in the tool reduced 
the resulting spring-in. Therefore, they concluded that a [0n / 90,, ] carbon/epoxy plate 
gives the largest distortion if rough surface tools arc used, while substantial reduction is 
achieved by using rubber tools. 
2.2.3 Void content and fibre volume fraction 
From a practical point of view, when the material is injected into the mould (in the 
case of RTM, for example) it has already undergone a thermal treatment at temperatures 
well below the effective starting temperature for the polymerisation reaction. This 
treatment, namely the degassing procedure, is crucial to avoid the formation of bubbles 
or resin dry areas inside the mould and therefore in the final part. However, during the 
curing, voids can be generated by the evaporation of the residual solvent, the formation 
of volatile products of chemical reaction, etc. which can happen during the curing cycle. 
The void content and distribution inevitably affect the fibre volume fraction and resin 
properties; at the same time they alter the resulting processing conditions such as 
temperature, pressure, and time. 
It has been reported by Wright and co-workers" that the interlaminar strength of 
composite laminates decreases significantly with increasing void content. Other 
properties, including the effective coefficient of thermal expansion, the effective 
coefficient of thermal conductivity, stiffness, etc., are likely to be affected by voids, 
which in addition have irregular dimensions and are not evenly distributed within the 
composite part. 
2.2.4 Lay-up sequence 
The best-known form of distortion caused by manufacturing procedures occurs as a 
direct result of the stacking sequence of the laminate lay-up. The different orientations 
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of the plies to form the overall lay-up of the laminate are the key to optimising the 
properties of composite materials; in fact the mechanical properties of the laminates are 
dictated by the number and orientations of the stacking sequence of prepreg plies. 
As prescribed in Classical Laminate Theory12 (CLT), lamination requires the 
properties of multidirectional laminates to be orthotropic, that is, to differ in three 
mutually perpendicular directions. However, the form of the orthotropy can vary 
considerably, depending on the particular lay-up sequence of the plies, so that there can 
be coupling between the in-plane direct and shear stresses and strains, and between the 
in-plane direct and shear stresses and strains and the out-of-plane bending and twisting 
curvatures and moments. Thus in-plane mechanical or non-mechanical deformation can 
cause in-plane shear and out-of-plane bending and twisting. 
Asymmetric continuous long fibre laminates made from advanced polymeric matrix 
composite plies, when processed hot within flat moulds in autoclaves or hot-presses, 
develop curvatures upon release from the mould after cooling to ambient temperature. 
The curvature is substantially the result of an unbalanced state of residual stress that 
occurs through the thickness and in plane in material. For some applications, for 
example helicopter rotor blades, asymmetric laminates are required specifically for their 
in-plane to out-of-plane coupling behaviour. In these cases, it is possible to design 
asymmetric laminates that will warp thermally. These specially designed laminates are 
known as Hygro-Thermal Curvature Stable Coupling Laminates (HTCSCL) and their 
design involves the addition of the hygroscopic strain to the constitutive strain (either 
mechanical and non-mechanical). The main characteristic of HTCSCL laminates is the 
fully or partially populated in-plane/out-of-plane coupling matrix13. 
To avoid these kinds of distortion, balanced and/or symmetric laminates are chosen 
for many practical applications. It should be noted that with symmetric laminates (those 
having a stacking sequence of plies that is symmetric with respect to the mid-plane) the 
coupling matrix is totally annulled, so that there is no consequent relationship between 
the extensional and curvature loads. Using balanced laminates (which for every ply at 
an angle +0 have another ply at angle -0), instead, elimination of the in-plane shape 
distortion can be achieved due to the reduction in the in-plane extensional to shear 
coupling term. From the above considerations, we can conclude that the easiest way 
generate and verify warpage in a composite laminate is to manufacture asymmetric 
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laminates. So, according to the Classical Lamination Theory 14, hot-cured asymmetric 
cross-ply laminates of any size should always develop anticlastic (saddle-shape) 
deformation with curvature in opposite senses, and asymmetric angle-ply laminates 
should produce twisting curvature. However, out-of-plane displacement can restrict the 
development of the curvature depending on the overall size of the plate. Therefore, in 
order to predict size-dependent curvature for asymmetric composites, different 
theoretical approaches need to be considered. 
2.2.5 Curing Stage 
Even if modelling predictions are in good agreement with the experimental 
measurements, the analysis of warpage and of related residual stresses necessarily 
involves an investigation from the micro-mechanical point of view into all the changes 
involving material constituents that occur throughout the manufacturing process. Many 
researchers have tried to describe the warpage phenomenon by modelling the final 
configuration. This approach to the problem simply leads to an accurate simulation of 
the experimental results already obtained, but without analysis that can identify 
improvements in lay-up and processing. In order to understand the sources of the 
warping phenomenon and to control it under different conditions, it is necessary to 
focus the research effort on the implicit factors, which involve distortion and residual 
stresses. "Implicit factors" has to mean all the parameters that can be changed in the 
manufacturing process, and the effects of their variation in the light of their mutual 
interactions. 
Several authors' 5,16,17 have taken a more basic approach than just describing and 
modelling the results of the phenomenon. Their aim has been to explain the reasons for 
the distortions obtained after the manufacture of composite laminates or simply the 
formation of curved components. They have shown that the driving forces behind 
warpage are influenced by many factors associated with the resin and the fibre and by 
their complicated interactions. It is also necessary to analyse the effects of temperature 
variation, temperature gradient and pressure profile during processing on residual 
stresses. To perform a general analysis of the physical phenomenon and to code it by 
mathematical tools, it is necessary to distinguish between the basic factors that cause the 
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phenomenon and the boundary conditions that affect only some aspects of the problem. 
It is recognised that residual stresses are strongly influenced by processing history. 
Therefore, the origin of the residual stresses has to be investigated at each stage of the 
manufacturing process. 
Ten 
Fig. 2.5 Simple double dwell temperature profile generally used in RTM process. 
The standard processing cycle for composites with a thermosetting polymer matrix is 
a two-step cure cycle (see Fig. 2.5). In such a cycle the temperature of the material is 
increased from room temperature to the first dwell temperature and this temperature is 
held constant for the first dwell period (- 1 hour). The temperature is then increased 
again to the second dwell temperature and held constant for the second dwell period (i. e. 
2-8 hours). Following this second dwell period the part is cooled down to room 
temperature at a constant rate. Since there are two dwell periods, this type of cure cycle 
is referred to as the two-step cure cycle. The purpose of the first dwell is to allow gases 
(entrapped air, water or volatiles) to escape the matrix material, and the matrix to flow, 
thereby facilitating the compaction of the part. Thus the viscosity must be low during 
the first dwell period. 
Typical profiles of viscosity versus temperature for the resin matrix show a decrease 
to a minimum value as the temperature is increased. As the polymer begins to cure the 
viscosity increases rapidly and dramatically. It is therefore very important to obtain 
isothermal plots of viscosity vs. temperature, in order to choose the optimum values for 
the first dwell temperature and the first dwell period. The right combinations of these 
two parameters during the first curing stage lead to the maximum dwell time at a 
specific temperature for the polymer to remain fluid. The purpose of the second dwell 
12 
period is to allow crosslinking of the resin to take place. It is during this step that the 
strength and related mechanical properties of the composite are developed and 
significant residual stresses begin to build up throughout the composite. If, as we can 
recognise, the curing process involves thermal variations from room temperature to cure 
temperature, then thermal expansion is a necessary part of that process A common 
hypothesis has been proposed in past papers 18,19'20'21'22 to simplify the complex 
phenomenology, it is: 
no stresses development prior to completion of the curing process. 
Even if it is possible to obtain good results using a simulation model, in which it is 
assumed that the crucial stage for formation of residual stresses is the period of cooling 
from the cure to ambient temperature, some recent work has demonstrated that the 
residual stress formation mechanism is strongly influenced by the overall curing 
process 23,24,25,26,27,28,29. Analysing the modelling approach reported above, and 
considering that during processing the expected outcome is to achieve a fixed degree of 
cure in the resin, we conclude that from the micromechanical point of view the 
formation of residual stresses is due to the mutual interplay of the following `intrinsic' 
factors: 
9 thermal shrinkage 
" chemical shrinkage 
" hygroscopic volume changes 
" time-temperature-degree-of-cure dependent resin properties 
" structural relaxation shrinkage 
The above factors can be dependent on both temperature and rate of cooling. Further 
difficulties can arise because it is necessary to consider variations in temperature and 
rate of cooling with time and location in the component, especially for composite 
components that cannot be modelled simply as thin parts. 
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2.2.6 Thermal Shrinkage 
Fibrous composite laminates are typically cured at high temperatures, and then 
allowed to cool to ambient temperature. Typical epoxy resins are cured in the range of 
120°C to 180 °C, while thermoplastic (PEEK) resins are processed at about 380 °C. The 
thermal contraction-taking place due to the temperature variation from the processing 
temperature to the ambient temperature in both fibres and matrix is known as thermal 
shrinkage. 
The coefficients of thermal expansion (CTE) for carbon and glass fibre are, instead, 
essentially independent of temperature in the range of temperatures used for polymer 
matrices. Typical values of the longitudinal (aL) and transversal (aT) CTE for typical 
fibers are reported in Table 2.1. Note that at the microscopic level, carbon and aramidic 
fibres are transversely isotropic with very small negative CTEs in the longitudinal 
direction and positive CTEs in the transverse direction. It is reasonable to treat the fibre 
dimensional changes as being negligible compared to those of the resin. Therefore, in 
the formation of residual stresses, the fibres act as three-dimensional constraints on the 
thermal dimensional changes that occur in the polymeric matrix. 
CTE Aramid Fibre Carbon Fibre Carbon Fibrc 
E -Glass R-Glass (Ion m"1 Kl) (Kevlar 49) (Torayca T-300) (Torayca T800) 
aL 5 4 4 -0.70 -1.2 
aT 5. 4 . 59 8.10 27 
Tab. 2.1 Coefficient of Thermal Expansion for fibre, measured at room temperature in 10-6 K71 
Attempts have been made30 to calculate the stress distribution around a single fibre or 
an array of fibres. The cylinder model has been considered by some authors to be the 
most appropriate for solving the problem. This simple model is based on a single fibre, 
either isotropic or anisotropic, surrounded by a sheath of isotropic matrix, the radius of 
which is a function of the volume fraction of matrix in the composite. Studies based on 
this model have revealed that the radial stresses are compressive in both phases, which 
indicates that the resin has shrunk tightly around the fibre; their predictions of the 
longitudinal and transverse CTEs are in close agreement with other models31' and with 
14 
experimental data32. The simple concentric cylinder model of a fibre surrounded by the 
matrix is effective in providing understanding of the residual stress problem and avoids 
unnecessary complications in the calculations. However, it must be recognised that in a 
unidirectional composite material, the fibres are packed together irregularly and the 
stress field around each of them is deeply affected by the presence of the others. Using a 
simple model, with fibres of circular cross-section arranged in a square array, Doner and 
Novak20 showed that the stresses are still compressive at the fibre matrix interface but 
with a magnitude which depends on the distance at the nearest fibre. 
However, as confirmed by Adams, 33 using a finite element method to analyse the 
stress field for composites containing a higher volume fraction of fibres, compressive 
stresses may change into tensile stresses. As emphasised by these studies, models that 
take account of the real structure of the composite show that the presence of the 
surrounding fibres drastically influences the formation of residual stresses. Chou and 
Penn34 have demonstrated, for a laminate with a constant fibre volume fraction, that the 
detailed unidirectional and longitudinal placement of the fibres affects the build up of 
complex stress states, which are responsible, under certain conditions, for void 
formation, cracks in the resin core between the fibres, de-bonding and delamination of 
plies. 
2.2.7 Chemical Shrinkage 
Chemical shrinkage also has important effects on the spring-in phenomenon and 
cannot be ignored. In recent work, Svanberg and Holberg35 have reported good 
experimental data on glass-fibre epoxy U-beam components; they used different cure 
schedules to distinguish and identify the different mechanisms responsible for spring in. 
Thermal shrinkage is the most obvious source of the residual stresses generated 
during the manufacturing process of composite laminates or component parts with a 
polymeric matrix36. However, other important factors contribute to setting up of residual 
stresses and so need to be investigated. With special reference to composites with a 
thermosetting matrix, chemical shrinkage comes up as one of the most important factors 
that need to be taken into account. In fact, organic thermosetting polymers, of the type 
currently used as a matrix for polymer composites, undergo volumetric changes as 
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results of the polymerisation reaction. Typical values of volumetric shrinkage during 
cure are 1% to 5% for epoxy34 resin and 7% to 10% for polyester resins39; however, if 
these are compared to the initial density of the monomers, the resulting polymer 
shrinkage during the polymerisation process can reach 10% to 20%. 
In thermoplastic polymers, there are no such volumetric changes during processing. 
However some thermoplastics may exhibit very appreciable volumetric shrinkage 
resulting from crystallisation (the crystalline phase always has a higher density than the 
amorphous phase). 
SSstem Gel time (min) 
Vol. Shrinkage after 
Gelation 
Total Volume Shrinkacc 
20 phr 116 2.31% 5.72°Yä24 hr. 
Triethylenetetramine 112 2.29% 5.72%/24 hr. 
(TETA), cure at 65°C 110 2.34% 5.79 %/24 hr. 
130 2.08% 4.33 %/48 hr. 
Diethylenetriamine 130 2.00% 4.33 %/48 hr. 
130 1.96% 4.21 %l48 hr. 
Tab. 2.2 Shrinkage measurements on Epon 828 cured with different curing agents, TETA and DTA as 
reported by H. L. Parry and H. A. Mackay37 
Table 2.2 reports reproducible data for volumetric shrinkage obtained from 
dilatometric experiments38,39,40. Modelling of chemical shrinkage therefore, is of 
particular relevance for the correct analysis. The'absolute volumetric change in a cubic 
element can be modelled as follows: 
- considering the dimensions of the cube to bell 0 12 9 13 and their relative 
finite 
changes as Ate, Ol2 9 I13, the absolute volume change is: 
IAVI = Venal Vrnrtra, = PI + Ol, (12 + 012 
(I3 
+ AI3 )] - (11 ' 12 ' 13) E9.2.1 
On dividing by the total unit volume of the element, Eq. 2.1 can be expressed in 
terms of the strain components, as follows: 
AVr 
=s +s +E +el s +192 s +s s +'51 sE Eq. 2.2 Vr 123*2*3 1' 3 *2* 3 
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where e, for i=1,2,3 represents the general strain component in the principal 
direction. 
Assuming that the volumetric shrinkage is isotropic, and neglecting all higher order 
terms, the strain, AE' , corresponding to volume resin shrinkage, 
lAY' I, can be written 
as: 





Although dimensional changes are important in such operations as designing tooling 
for processing plastics or achieving the tolerances required in electronic and computing 
applications, and in encapsulating and laminating processes, these dimensional changes 
are not as important in themselves as they are in determining the stresses set up in the 
cured resin as result of shrinkage. When these aspects of shrinkage are considered, it 
becomes apparent that from the practical point of view the most important phase of the 
shrinkage to predict (and, hopefully, to control) is that occurring after gelation. If it is 
possible to locate on the shrinkage/time curve the point of gelation, then data on 
shrinkage after gelation become directly available. Shrinkage after gelation is 
minimised when gelation occurs late in the curing reaction, since constrained conditions 
arise just at the end of the curing process, thereby reducing the length of the crucial 
stage during which residual stresses can be set up. Lascoe41 has reported a very 
comprehensive study on the volume and linear shrinkage of an epoxy resin system. 
2.2.8 Hygroscopic Residual Stresses 
Thermal residual stresses are not the only kind of non-mechanical stresses generated 
in a laminate because of temperature variations. There are also hygroscopic residual 
stresses. Polymer based composites tend to take in moisture from the surrounding 
atmosphere. In fact, it is the resin constituent of the composite, which is susceptible to 
absorption or desorption of moisture. 
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The absorption of moisture will cause swelling of the resin, and hence expansion of 
the plies; conversely, the drying out process will cause contraction in the plies. This 
expansion and contraction will have a double effect on the formation of residual 
stresses. These deformations in individual plies will be different in magnitude, 
depending on the ply material and ply angle orientation, from one ply to another; 
therefore they will cause residual stresses and strains to be induced in individual plies. 
The factors controlling the formation of hygroscopic residual stresses are very similar to 
those involved in thermal residual stresses, save for the difference in the specific 
physical properties of the composite and associated environmental parameters that 
determine water uptake. The physical property determining the magnitude of thermal 
residual stresses is the coefficient of thermal expansion (CTE) and the corresponding 
environmental factor is the temperature variation. Instead, in the case of hygroscopic 
residual stresses, the physical property is the coefficient of hygroscopic swelling (CHS) 
and the environmental factor is the amount of moisture intake in the laminate42. 
In order to estimate the response of composite plates and shells to hygrothermal load, 
Kollar43 published a very interesting paper in 1994, using the above extension of CLT. 
In this paper, he considered an arbitrary lay-up (i. e. symmetric, unsymmetric, balanced 
or unbalanced) for the composite laminate, and carried out a 3-D analysis of the 
problem. The proposed formulation is useful in determining the `effective' thermal and 
moisture expansion coefficients, which are the parameters needed in more accurate 
FEM simulation. Kollar obtained good agreement with experimental data by applying 
these formulae to the hygrothermal deformation of cylinders and cylindrical segments 
subjected to temperature variations, for which an exact three-dimensional analysis can 
be performed. 
2.2.9 Temperature-Time Dependent Material Properties 
To a first approximation, fibres, matrix and composite can be assumed to exhibit 
linear elastic behaviour, with constant properties even if the matrix is still above the 
solidification temperature. This assumption is generally valid for the fibres, but the 
matrix and consequently the composite show viscoelastic material behaviour, which is 
dependent on time, temperature, loading rate, molecular weight and degree of cureý'as. 
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A schematic representation of the modulus vs. time curves for different conditions of 
crosslinking and molecular weight is shown show in figure 2.6. This is a typical master 
curve obtained from DMA raw data of a step and hold temperature test, performed 






Fig. 2.6 Schematic representation of the moduli of polymers or polymer composites as functions of time 
for different stages of crosslinking and molecular weight 
The coefficient of thermal expansion and the cure shrinkage of the matrix also vary 
with temperature and degree of cure. Thermal properties also vary with temperature, 
time and degree of cure: 'the heat capacity of the sample is generally quite dependent on 
the degree of cure in the resin. Therefore, the final distortions in the composite can be 
different from those predicted on the assumption that the system exhibits a purely 
elastic response and has constant thereto-mechanical properties. Where these effects are 
significant, or accurate analysis is required, time dependent and temperature-dependent 
viscoelastic material properties have to be investigated and monitored, to predict and 
simulate residual stresses and distortion accurately. 
So far it is clear that in order to be able to perform an analysis of shape distortion and 
residual stress, accurate models for material properties are required. This is crucial for 
the accuracy of the analysis. Although accurate and proven micro-mechanical models 
exist for the different properties, the effort, in many cases, is focused on the material 
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behaviour of the neat resin matrix. Throughout the cure, the Young's modulus and the 
shear modulus undergo dramatic changes of about 3 orders of magnitude; while 
coefficients of thermal expansion are approximately 2 or 3 times higher in the rubbery 
state than in the glassy state (see results in Chapter 6 or rcf. 46). The effects of 
temperature and time on the properties of polymer and polymer composite materials 
will be reported in more detail in Chapter 3 for each analysed property. 
2.2.10 Structural Relaxation (or Physical Aging) Shrinkage 
An amorphous polymer (thermoplastic or thermoset) above its glass transition 
temperature is a viscoelastic rubber in thermodynamic equilibrium. 
When such a material is cooled below its glass transition, a non-equilibrium glass is 
obtained. This is the direct consequence of the considerably longer time scale of a 
molecular relaxation within and below the glass transition region compared to the 
experimental time scale of the applied signal. Figure 2.7 shows a schematic diagram of 
general property, P versus temperature, T, to represent the physical aging or structural 
relaxation process. The aging temperature within the glass transition region is indicated 
along with glass transition temperature values for different time, t=0, t', t". 
"P 
state 
Talg Tg (ty Tg (t) T®(t-. o) T 
Fig. 2.7 Schematic Relaxation Process 
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In others words, even the lowest experimentally attainable cooling rate is much too 
fast for the polymer chains to relax to equilibrium while undergoing a rubber to glass 
transformation. The ensuing non-equilibrium structure first experiences an abrupt 
contraction and then undergoes a time-dependent rearrangement towards the 
equilibrium state. The elastic contraction results from the vibrational relaxation that 
originates in the response of the atomic bonds and whose characteristic relaxation times 
are extremely fast47. The subsequent gradual rearrangement of the non-equilibrium 
structure is much slower and is referred to as structural relaxation - also sometime 
refereed as physical aging. Over the years many authors have contributed to the 
understanding of the structural relaxation phenomenon; Hodge48 has published a 
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Fig. 2.8 Typical changes in properties for aged material (courtesy of A. D'Amores) 
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Fig. 2.9. Resulting properties for aged materials (courtesy of A. D'Amore52) 
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The influence of structural relaxation on the generation of residual stresses is still not 
very clear. The variation of the volume and the material property changes due to the 
rearrangement of the structure can be regarded as further source of residual stress, 
acting very similar to the mechanism induced by hygrothermal effects in each plies as 
well as among the plies of the overall composite laminate. It has been demonstrated that 
the storage modulus (fig. 2.8 a-b 2.9 a) and the strength increase while the fracture 
energy49, toughness, creep compliance, permittivity (fig. 2.9 b), and loss modulus 
decrease with increasing ageing time'50'51. D'Amore et al. 52 found a linear relationship 
between storage modulus and volume change during the simultaneous dynamic- 
mechanical and dilatometric experiments (see fig. 2.9a) on a thermoplastic resin, PEEK, 
while Gillham53 and other researchers54'55 have published interesting results about 
thermosetting material property changes obtained using torsional braid rheometry. 
2.3 Traditional Approach: Classical Laminate Theory (CLT) 
Classical Laminate Theory is the basic approach to determining and modelling the 
mechanical behaviour of composite materials or multi-ply material systems; it is also 
















Since composite materials are inherently heterogeneous in nature, CLT can be 
basically divided into the following categories: 
" Layer-wise theory, also called Macromechanical Laminate Theory, is the study of 
composites, based on the assumption that the laminate can be treated as being 
homogeneous, and that the effects of constituent materials are detected as average 
apparent or effective properties of the composite. 
" Single-layer theory, commonly called Micromechanical Laminate Theory, is the 
study of composite materials at the single layer level, which means that the 
modelling is focussed on the interactions between the constituent materials (mainly 
resin as matrix and carbon or glass fibre as reinforcement, in the case of advanced 
polymer matrix composite) 
Micro-mechanics and Macro-mechanics (see fig. 2.10) allow for tailoring of the 
appropriate composite materials system to meet the structural requirements for a 
particular application. Many important books have been published on Classical 
Laminate Theory; for more details, the reader is invited to read Tsai 56 , Jones 
57 
8 Whitney5. 
2.3.1 CLT prediction for the out-of-plane deformations. 
From CLT results the extensional deformations are coupled with out-of-plane strains 
(i. e. curvatures) only when the equivalent thermal or hygroscopic moment Mm and/or 
M" values or the coupling stiffness tensor B has non-zero value (see references 56,57, sa 
for more details). This result represents the first important achievement of CLT with 
respect to warpage. In fact the coupling stiffness tensor has non zero values when the 
lay-up stacking of the composite laminate is asymmetric, which means that it is 
impossible to identify any symmetric configuration for the orientation of the lay-up 
sequence with respect to the middle plane. Hence, the asymmetric composite laminate 
configuration will cause warping according to Classical Laminate Theory. For a 
symmetric laminate sequence, however, as long as the temperature variation through the 
plies in the laminate thickness direction is also symmetric about the middle-plane, the 
resulting equivalent thermal moment will be zero. Moreover, since for this particular 
lay-up sequence the components of the coupling stiffness tensor are also zero, we can 
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conclude that symmetric composite laminates do not produce any warpage or curling in 
the final manufactured shape, assuming that the hygrothcrmal profile is symmetric. 
Alternatively, if the temperature distribution through the plies is not symmetric, 
a thermal moment will be induced and therefore the composite laminate will show out- 
of-plane displacement in its final shape, although it has a symmetric lay-up sequence. In 
practice, within the frame of CLT, typical manufacturing processes for polymer-based 
composite materials can be considered as having a uniform temperature profile, which 
is achieved almost instantaneously through the thickness of the laminate during each 
stage of the process. The temperature profile may therefore be treated as being 
symmetric. 
This assumption will fail completely when thick composite laminates are 
manufactured. In fact, the non-uniform heat transfer occurring within the part induces 
asymmetric temperature profiles. For the simple case of a strip of rectangular shape with 
a side/thickness ratio much lower than 1, the equilibrium equation 56,57,58 can be solved 
assuming an out-of-plane displacement function, w"'(x, y) as follows: 
w"'(x, y)=-2(k; "x2 +k2 . y2 +k6 "xy)+b, "x+b2 " y+b, Eq. 2.4 
where kj is the generic curvature component along i-axis direction and bj are 
integration constants. It is extremely important to note that the out-of-plane 
displacements are not functions of the z coordinates; this is mainly a direct consequence 
of the Kirchhoff hypothesis for which sections that are normal before the deformation 
are still normal in the deformed configuration. The integration constants br can be 
determined by imposing appropriate boundary conditions, as follows: 
w"' =0 at (0,0), (a, 0) and (b, 0) Eq. 2.5 
Therefore, the out-of-plane displacement functions, which represent solutions of the 
problem, will be: 
w"(x, Y)= 2 'ki 
(a-x)'x+2'ki (b- y)" y- 
l. 
k6 x" y Eq. 2.6 
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Equation eq. 2.6 can be specified for any particular laminate configuration. Ilot cured 
asymmetric cross-ply laminates of any size should always develop anticlastic curvature 
(often called saddle shape curvature), which is usually described by the following out- 
of-plane function: 
wN(x, y)= 2 "kN[(a-x)"x+(b-y)"v] 
Eq. 2.7 
Antisymmetric angle-ply laminates, instead, should develop twisting curvature 
described by the function for the out-of-plane displacement: 
w'(x, y)=-2 "k6 "x"v Eq. 2.8 
In both cases, the out-of-plane displacement will reach a maximum at the comers of 
the plate, thereby generating the final classical saddle shape of the laminate. 
2.3.2 Micromechanical Models 
The macromechanical analysis of a laminate refers to engineering material properties 
such as modulus, Poisson's ratio, or coefficient of thermal expansion as average 
mechanical properties of the composite laminate in the on-axis coordinate system. All 
of these parameters have been used in order to define the stress-strain relationships for 
the whole composite system within the framework of the simple assumptions of the 
CLT, in order to link the strain-displacement relationships with the system of forces and 
moment resultants that is equivalent to whatever system of loads is acting of the 
composite system. Generally, two different approaches can be used to evaluate these 
fundamental material properties: 
" experimental determination using a basic configuration test (tensile, shear, twisting) 
" development of constitutive relationships which can be used to predict materials 
behaviour and at the same time to design for specific composite performance, as a 
function of : 
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- composition - properties of material constituents 
- packing geometry - dimensions of the constituents 
- relative orientation 
The approach developed by the CLT to predict average mechanical and thermal (and 
also electrical) properties for composite materials, relics on analogies to springs. 
Longitudinal and transverse property expressions are then derived by treating the 
constituent materials of the composite as springs, which are arranged in parallel and in 
series configurations. The simplest micromechanical models within CLT, called "rule of 
mixture", are based mainly on the following assumptions: 
- the fibre and the resin are direct contact and well bonded (either chemically or 
physically) without any slip at the interface; 
- the stress field inside the composite is uniform; 
- no particular packing model is required for this approach since the same result can 
be achieved either by assuming a single unit packing cell or treating the fibres as 
being grouped together in a unique bulk volume, which is connected in series or 
parallel with a strip of bulk resin matrix of volume V,,; 
- the resin is an isotropic linear elastic material; 
- the fibre can exhibit transverse isotropy so that the properties perpendicular to the 
fibre axis differ from the proprieties along the fibre axis; 
A complete summary of the methods used to predict average properties of composite 
plies can be found in ref. 58. 
2.4 Limits and Developments 
The predictions of CLT for the response of composite laminates to static, dynamic 
and hygrothermal loads are in quite good agreement with experimental results. The 
theory is quite capable of accurately predicting static deflections, natural vibration 
frequencies, thermal expansion coefficients, and in-plane strain/stress states, at least in 
first approximation. For this reason CLT is often considered as a basic approach for 
most of the calculations, especially in analysing simple loading conditions and parts of 
simple geometry. 
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Nonetheless, in many physical situations the CLT fails to predict the correct answer, 
mainly because of the highly restrictive assumptions made with respect to either the 
material behaviour (stress-strain equation) or the constitutive strain-displacement 
relationships. Two of the important limitations of CLT are: 
-inability to predict the response of thicker laminates 
-inability to explain the laminate behaviour near edges. 
But the main problem to which the CLT fails to give accurate answers, is the 
prediction of the room temperature shape of thin asymmetric laminates. 
2.4.1 Room Temperature Laminate Shape 
In the early eighties, the idea of producing curved panels from flat moulds was surely 
an attractive technique in many industrial fields. However, there are limitations to CLT 
in this area, and many researchers have been studying more complicated models, which 
could lead to a better prediction of the final curvature of thin composite laminates. 
Based on the results of CLT, asymmetric laminates regardless of the side length will 
develop anticlastic curvature (twisting curvature is an anticlastic curvature along off- 
axes coordinate direction), with curvatures that are equal in the principal directions but 
opposite in signs. As Hyer reported in ref. 59'60 several families of asymmetric thin 
laminates exhibit a shape at room temperature that is reasonably close to a right circular 
cylinder, with some also presenting two possible cylindrical shapes. They become 
cylindrically curved after the cure process; while the same configuration with a different 
length-side ratio still produces the saddle shape predicted by CLT. In addition, the 
laminates exhibit a snap-through or oil-canning phenomenon, which means that one of 
the two curved shapes can be converted into the other by deforming it elastically to an 
unstable state of maximum energy, so that it transforms into curved laminate with the 
same characteristics as the previous one but with the curvatures reversed. Ilyer also 
noticed that on increasing the number of prepreg plies, while maintaining the same 
cross-play configuration and the same side length ratio, the resulting shape would still 
be a saddle, in accordance with CLT, with double the curvature values. In his work 
Hyer presented a development of CLT, which is essentially based on the minimization 
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of the total potential energy using different kinds of strain-displacement relationships. 
Hyer idealized the problem as follows: 
- the laminate in its cured or uncured state is flat at the curing temperature, and 
during the cooling stage it is free from all external mechanical forces. The out-of-plane 
deflection is due exclusively to the mismatch in coefficients of thermal expansion 
between the laminae; however, potential constraint effects in the autoclaving and 
vacuum bagging operations have been totally ignored. Upon cooling, the shape assumed 
by the laminate will be a saddle, as predicted by CLT, and characteristic of thicker 
laminates, or one of the two cylindrical configurations observed for thinner laminates, 
depending on the total potential energy associated with it. Although his approach could 
be applied to all asymmetric laminates, Hyer concentrated his attention only on cross- 
ply laminates. 
2.4.2 Cross-ply [0. /901 Laminate 
One of the fundamental assumptions made within the Classical Laminate Theory is 
that the strain-displacement relationships are linear. However, to be able to explain the 
observed behaviour of asymmetric laminates it is necessary to incorporate a non-linear 
component into this simple form. In fact, the existence of two room-temperature shapes 
essentially rules out the possibility of applying a linear extension of the strain- 
displacement relationship provided by CLT, as such a solution to the problem would 
still lead to the prediction of a single possible shape, albeit not a saddle shape. In 
addition, since the observed out-of-plane deflections of the laminates were equivalent to 
many laminate thicknesses, geometric non-linearities need to be considered as important 
in obtaining correct predictions. 
Since the formulation of the problem includes geometric non-lineari tics, and the 
governing equations are therefore non-linear, obtaining a close-form solution is very 
difficult. Hyer therefore used an approximate Rayleigh-Ritz method to solve the 
problem of minimising the total potential energy of the composite laminate. Adding a 
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These relationships can be considered as the first departure from Classical Laminate 
Theory (CLT), while still including the restriction to small displacements (which means 
that the elongation, shearing strain and square of rotation are of the same order of 
magnitude and small compared to the unity. The laminate shape that is stable at room 
temperature will be the one associated with the minimum value of potential energy. The 
problem is now reduced to finding the correct expressions for the in-plane displacement 
functions of the middle-plane, u°, v° and for the out-of-plane deflection function w, 
which minimizes the energy integral. At this point, flyer made two major assumptions, 
which recall CLT58,59: 
1. neither ex nor e is dependent upon either x or y, which means that they 
do not vary much from the linear prediction and 
2. the shear strain is negligible, c ,, y =0 
Although Hyer's work succeeds very well in explaining one of the major limitations 
of Classical Laminate Theory, this assumptions concerning shear stress and the 
functions describing the middle-plane deformation lead to restrictive predictions of the 
final shape. Jun and Hong61 considered Hyer's approach to modelling the room 
temperature shape of composite laminates, but their theory is applicable to all 
configurations of asymmetric laminates, not only cross-ply laminates, and the residual 
thermal shear stresses are included in the expressions for displacement. In fact, although 
for very large panels the final shape can be cylindrical, the second curvature will not be 
exactly zero, because of free-edge effects; for this reason, in the equations the term 
8w/ ax " ow/ öy can no longer be considered as being equal to zero. In order to include 
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the shear strain effect, Jung and Hong approximated the displacement Geld with a 6- 
unknown parameter function (Hycr's had 4 parameters). An analytical evaluation of the 
asymptotic value for the cylindrical curvature of a large cross-ply laminate panel was 
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where k, is the curvature, N, r is the thermal force resultant per unit width along x- 
direction, Mx is the thermal moment resultant per unit width along x-direction, AU, B, 
and D. are the laminate stiffness coefficients. 
This formula is very useful because its estimate of the curvature is in good agreement 
with those obtained from the more difficult approaches proposed by Hyer or Jung. 
Although this formula is reasonably acceptable for small plate sizes, in the case of a 
very large panel substantial deviations, of the order of 50%, are encountered especially 
for the description of the out-of-plane displacements near the free edges. For that reason 
a model of fifth order can be used to approximate the circular profile of the laminate 
shape and better predictions of the curvature can be achieved. 
2.4.3 Angle-ply [+9, /-0. l Laminate 
The discussion for the angle-ply laminate will lead to results that are identical to 
those already obtained for the cross-ply laminate, however, more complicated 
expressions for the displacement functions need to be considered. 
Jun and Hong63 developed a general approach for a very general lay-up configuration 
by modelling the curvature within the principal curvature coordinate system. Starting 
from Hyer's developments of CLT, Jun and Hong proposed a new method, valid for all 
unsymmctric laminates, which takes into account not only shear strain as in the case of 
the cross-ply, but also all spatial variations of strain and displacement functions, giving 
as final results the curvature and principal direction of curvature at the room 
temperature. The main limitation in their model is the presence of shear strains 
30 
throughout the plate but with no constant term, although using finite element 
calculations it can be shown that shear stresses still exist in the middle of the plate. 
Peeters et al 64 showed that the use of high order approximation functions for non- 
linear strain-displacement relationships lead to a better evaluation of the critical value of 
the bifurcation point, however, the asymptotic value of the curvature (which represents 
the value of curvature for a large composite panel) is little changed 
2.5 Developments of Micromechanical Models 
The micromechanical models based on the rule of mixtures are generally presented 
within the frame of CLT as suitable relationships to link the composite material 
properties with the properties of its constituents. Although simple rule-of-mixtures 
relationships can be used to give adequate predictions of the properties of composite 
materials in the longitudinal direction, this approach leads to very poor results in 
predicting transverse properties. In principle, all of the composite thermo-elastic and 
transport properties of the ply can be obtained by specifying the properties of the 
constituents, spatial arrangement of the fibres, specifically packing geometry and 
spacing, size of the fibre and all the loads (mechanical, thermal or electric) acting of the 
surface of the ply. However, since all this information will result in a very complex 
system configuration, a solution for this problem is generally achieved by introducing 
simplifying assumptions, which can lead to the use of less complicated mathematics and 
much simpler final relationships. 
Almost all of the approaches assume that constituents are perfectly bonded together 
(chemically and physically), and the results of the models are essentially an average 
effect of the "loads" acting on the ply. The following categorization can illustrate the 
approach: 
2.5.1 Models based on numerical techniques 
These models rely very much on series expansion and numerical analysis of 
mathematical representations of regularly packed repeating units of reinforced material. 
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This approach is strongly limited by the constituent materials and thus very poor 
quantitative generalization results can be achieved. 
2.5.2 Combination models 
Based on the same packing geometry as that used in the rule of mixtures, these 
models assume the matrix phase to be distributed between the fibres along the axis of 
the laminate. Consequently, this portion of the matrix is considered coupled in series 
with the fibre phase, while the remaining fibres are still considered to be acting in 
parallel. 
2.5.3 Self-consistent models 
To overcome the limiting assertion of uniform stress or strain field in the composite 
ply, as assumed by the rules of mixtures, several researchers 58 have developed more 
accurate micro-mechanical models based on assumptions which are able to depict the 
internal stress-strain field in a way that is closer to reality. The basic principle on which 
these self-consistent models are able to develop improved micromechanical 
relationships is the simplification of the phase geometry The fibre is considered to be 
embedded in a material phase whose properties are taken to be equivalent to the 
effective properties of the composite. Solving this simple configuration as a classical 
elastic problem, a "self-consistent" stress field can be identified and the "effective" 
properties of the composite can be related to the properties of the constituents. This 
approach, mainly presented by Hill65 has been demonstrated to be very useful from a 
computational point of view, even though it has shown major limitations if applied to a 
system with a high concentration of fibres. 
Starting from the single embedded model, Whitney and Riley66 developed so called 
"doubly embedded models" which have been proven more realistic and accurate for 
composites with high fibre volume fractions. The model consists of a typical (average) 
fibre embedded in a region of continuous matrix phase, which is again embedded in a 
homogeneous material. The outer material is considered to have the effective properties 
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of the global composite material, while the fibre volume fraction is equal to the value 
for the unidirectional composite being examined. 
2.5.4 Models based on bounding approach 
Models based on the bounding approach are reasonably adequate to overcome the 
difficulties of specifying micro-structural features and in the same way can be very 
useful in avoiding limitations and simple assumptions concerning the stress field. This 
approach is essentially based on the bounding of the properties in a narrow region, by 
defining an upper and a lower bound using energetic principles and equivalent elastic 
configurations. 
2.5.5 Halpin-Tsai Relationships 
The basic ideas of combining the series and parallel approaches together to predict 
the most probable narrow region dealt with by the bounding approach are the main tools 
used by Halpin67 and Tsai68' for their semi-empirical models. They developed simple 
relationships, which connect the properties of the composite material with those of their 
constituents, in the following form: 
P= 
P, "(l+ý"X"vj) Eq. 2.13 wherc x= 
Pf -P'" Eq. 2.14 
1-x'vf Pf +ý-P, 
where P represents generic properties of the composite, Pf and P. the 
corresponding values for the fibre and for the resin; vf the volume fraction of fibres and 
ýa geometric factor. The importance of the scaling parameter ý lies in the fact that it 
can be considered as an adjustable parameter, which determines whether the properties 
result mainly from a series configuration or mainly from a parallel configuration. The 
scaling factor can be obtained from known properties Y and a specified volume 
fraction vf, as follows: 
33 
_ 
P, 05-P. ) -vt'P"(Pf -Pm) 
I. Pf-P - 1-vf " Pf-Pm 
Eq. 2.15 
and the value for the property P then can be evaluated at every volume fraction for the 
same fibre. For ý -- 0 the transverse rule of mixtures will be obtained: 
I_ of 
+(1-vf) 
P Pf P. 
Eq. 2.16 
while on letting ý -> oo the characteristic rule of mixtures for a series configuration 
is returned: 
P=Vf"Pf+(I-Vf)"P,. Eq. 2.17 
By varying the value of the scaling factor, hybrid configurations between series and 
parallel behaviour can be described. 
2.6 Further modelling developments 
In this section, modelling of shape distortion and residual stresses in polymer and 
polymer composite materials will be presented in detail. Each of the previously reported 
features affecting warpage and residual stresses will be examined within a general 
mathematical model providing a complete and strongly theoretical support for analysis. 
Typically, manufacturing processes for resin matrix based composite materials (like 
Resin Transfer Moulding, Liquid Moulding, Laying up/Autoclaving, Poltrusion or 
Filament Winding) involve high temperature thermal cycles for long periods of time. 
For thermoplastic matrix composite the problem is even worse because of the much 
higher temperatures required during processing, e. g. 320°C. Skordos113 has made a very 
complete survey of the mathematical models of heat transfer and their main 
assumptions for each major manufacturing process. Against this background, the first 
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heat transfer problem will be analysed along with boundary conditions in a general 
form. Then a non-linear viscoclasticity theory will be presented, which has the potential 
to describe the behaviour of neat resins and composites during the cure stage. 
2.6.1 Thermal Analysis 
Generally, composite parts and structural elements are constructed using continuous 
fibre reinforced thermosetting resin prepregs arranged to the required shape and then 
cured according to a specified optimal temperature profile. 
2.6.1.1 Energy balance equation 
Considering a very small volume clement of a composite or of a general thermoset 
polymer, the temperature balance inside the material, using the law of conservation of 
the energy coupled with the cure kinetics, can be stated as follows: 
a(p. C. T) 
at = -vC)+ g 
Eq. 2.18 
where T is the temperature; Cp and p are respectively the specific heat capacity 
and density of the composite, with a dependency upon the degree of cure and 
temperature, which can be written asC, (T, a) and p(T, a); t is time; q= 
(gx, q,, q, 
) is 
the heat flow vector per unit area. g represents the instantaneous internal heat 
generation rate per unit volume of the resin matrix due to the cross-linking reaction 
(more details are given in Chapters 3 and 4). 
2.6.1.2 Fourier's Heat Law 
The heat flow vector can be written using Fourier's equation as follows: 
f-- 1=-K-V(T) Eq. 2.19 
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aT/ax 
where K is the thermal conductivity tensor and VT = aT / ay . The thermal 
UT / Oz 
conductivity tensor can be specified according to appropriate assumptions made for the 
material behaviour as follows: 
K K12 K13 K1,0 0K00 
K= K21 K22 K23 =0 K22 0=0K0 Eq. 2.20 
LK31 K32 K33 00 K33 00K 
%- ON y ant's;; -Pic orthotropic Isotropic 
2.6.1.3 Heat generation term 
During the manufacturing, the thermosetting resin undergoes an irreversible 
chemical transformation, which leads the material to pass, by a rather complex process, 
from the uncured liquid state to a complicated three dimensional network structure. The 
reaction is exothermic, and will involve heat transfer by conduction through the material 
and also through the mould, and in some cases by convection near the mould surface. 
Therefore, using a to represent the state coordinate, which follows the evolution of 
structure, the heat generation equation can be written: 
=('-Vf)'Pr *AHr . at 
as Eq. 2.21 
where p, is the density of the resin, MI is the total heat generated by the 
polymerisation reaction, of is the volume fraction of fibres (for the unreinforced 
material this value will be 0) and 
as 
= fa (T, t) will be the rate of polymerisation (refer at 
to Chapter 3 paragraph 3.1 and 3.2 for more details). 
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2.6.1.4 Boundary Conditions 
For complete flexibility of the analysis a generalised boundary condition can be 
specified on the part domain. Dirichlet, Neumann and Robin conditions can be all 
defined by the following equation: 
'OT a- an +b"T, +c"T, 
(t)= 0 Eq. 2.22 
where T, (x) is the surface temperature defined on the domain of the part, and n is the 
versor outward the surface in the global coordinate system. The three parameters a, b, 
c specify the Dirichlet, Neumann or Robin conditions as follows: 
Dirichlet or prescribed temperature on the outer surface: 
a=0 b=1 c=-1 Eq. 2.23 
Neumann or isolation condition 
a=1 b=0 c=0 Eq. 2.24 
Robin or convection condition 
a=1 b=(h/k)ei c=-(h/k)ef Eq. 2.25 
where the term h/ kef represents the effective heat transfer coefficient, or the heat flow 
per unit area of the surface. 
2.6.1.5 Initial Conditions 
Initial conditions are essential for a well posed differential equation. Both 
temperature and degree of conversion at initial time could be: 
T(, O) = To Lx) Vx r= c Eq. 2.26 
where SZ is the defined material part. 
a(, O) = ao (x) Eq. 2.27 
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The raw material is usually considered completely uncured at the start of the 
curing stage, even though a degassing procedure has been employed. The same applies 
to the prepregs used in the manufacturing of composite parts. 
2.6.2 Mechanical Analysis 
A temperature- and cure-dependent viscoelastic stress analysis is performed, making 
use of the thermal and cure histories obtained by solving the equations in the previously 
presented heat transfer model. The analysis will be described for the case of a thermo- 
rheologically simple material, which may be a simple unreinforced material or a 
composite. In some cases69, it has been demonstrated that it is unnecessary to consider 
time- and temperature-dependent effects. Using a simpler mechanical analogy, a useful 
schematic representation of the characteristic features of this analysis can be obtained, 
as indicated in Figure 2.11: 
Elastic Visco-Elastic Thermal Chemical Relaxation Moisture 
Expansion Shrinkage Shrinkage Swelling 
..... TýRM 
Fig. 2.11 Mechanical analogy model 
The analysis can be applied to the viscoelastic behaviour of the polymer material or 
matrix system, thermal expansion effects, swelling due to chemical reactions or 
moisture absorption, and the effects of physical aging on volume (relaxation shrinkage). 
2.6.2.1 Equilibrium Equation 
Considering the general validity of the linear momentum law and the strain- 
displacement relationship for an infinitesimal volume element (more details in ref. 
70) the 
following equation applies in the absence of body forces and inertial loads: 
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VT () =0 (Equilibrium Equation) Eq. 2.28 
where 
aiax 0 
VT =0 aiay 
00 
o aiay aiaz 0 
o aiax 0 a/az 
aiaz 0 aiax aiay 
Eq. 2.29 
and 
= lax oy cZ r ,, zx= r, al 
Eq. 2.30 
2.6.2.2 Strain-Displacement equations 
If the displacement components in the x- y- and z- directions are defined by the vector, 
u as follows: 
uT = 
[u 
v w] Eq. 2.31 
then using the small deformation assumption, the strain field is defined by: 
E= V() (Strain-Displacement equations) Eq. 2.32 
where the differential operator is the same as in eq. 2.29. At this point, a constitutive 
law for the material needs to be written. This equation should represent the effects of 
time-and temperature-dependent conversion on the properties of the system, in order to 
model correctly the behaviour of the resin or polymer matrix. 
2.6.2.3 Material Constitutive Law 
The material constitutive law for a thereto-rheologically simple material is given by 
a hereditary integral relationship, stated for a general isotropic setting, as follows: 
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t_ non-meck 
av =f Cr kt 
4likr 
- ý1 krý' 
d skr 
dt 
r"d t' Eq. 2.33 
pk1 
where o specifies the components of the stress tensor, e and Ekg 
"'ch are 
respectively the total and non- mechanical deformations, while Cuk, is the relaxation 
modulus. 
The reduced times indicated by 4, k, and G 
kI (see Chapter 3 section 4 for more 
details) are related to the temperature, T, and the degree of cure, a, by the shift factor 
aT , as follows: 
ý' dt' Eq. 2.34 
r; ký ' J0 aT [T (t'), a(t)] 
I dz 
rkr = Eq. 
2.35 
0 aT 
[T (rl a(r)] 
The relaxation modulus tensor is typically described with a generalised Maxwell 
Model with a certain number of elements. Generally 9 elements are sufficient to 
describe the relaxation modulus completely. 
If the material has no stiffness at all before reaching the gelation point, the relaxation 
modulus can be stated as follows: 
Cjk, (t)=0 for a<age, Eq. 2.36 
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Cukr \tý - Ckr +L Ctkl " Exp - 
R=1 Zjjkl 
for aZ age, Eq. 2.37 
The above formulae are with no summation on the four indices Ukl ; moreover C k, 




2.6.2.4 Non-mechanical strain 
Non-mechanical strains are the result of thermal, chemical, moisture and aging 
effects acting on the materials during the processing and also during the service life of 
the component. The total non-mechanical strain can therefore be written: 
"Non-meck = EThermal-Expansion + CChemical-Shrinkage + eAfoisture-Absorption + ePhysical-Aging 
Eq. 2.38 
Each term can be suitably expressed for both unreinforced and reinforced materials, 











+f ykl " dm 
MO 
Moisture-Absorption -Strain 
+ SAging Eq. 2.39 
Physical -Aging -Strain 
where vcTE yki ,r are respectively the principal coefficients of 
thermal 
expansion, of shrinkage and of moisture absorption (in the case of the neat resin system 
it is very important to consider where the assumption of isotropy can be applied, so that 
the coefficients have the same values in the three principal directions); T, a, m are the 
instantaneous temperature, degree of cure and moisture content, while the same 
parameters with subscript 0 are the values at initial time. For each material constant 
appearing in Eq. 2.39 a fundamental evaluation, with different experimental techniques, 
will be made in the following chapter, where the experimental results of the present 
work will be described and modelled for the case of neat resin system. 
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Overview 
The aim of this chapter has been to review the available literature on modelling the 
distortion of fibre-reinforced thermoset composites and neat thermosets materials 
resulting from the manufacturing processes. The main factors affecting the dimensional 
shape of the component (whether angle beam, laminate or neat polymer part) are 
described, and the development of a predictive model is suggested. A general overview 
of the Classical Laminate Theory is presented, as a basic approach for the investigation 
of residual stresses and warpage. The limitations of existing models and possibilities for 
development are presented in detail, mainly for carbon/epoxy composite laminates. 
In the final part of the chapter, the general linear viscoelastic theory is outlined 
coupled with the full heat transfer equations, which inevitably need to be considered in 




Experimental and analytical methods 
Introduction 
It is extremely important to measure the thermal properties of a composite's 
constituents accurately in order to assess the validity of models and simulation analysis. 
The theoretical basis and main assumptions of the experimental techniques used will 
now be discussed. 
All the experimental techniques used to evaluate the thermo-mechanical properties of 
the neat resin throughout the cure will be presented in this chapter. Basic information 
about the specific techniques and analytical expressions representing the raw signal will 
also be discussed, where they are required for the subsequent data analysis. 
The experimental methods adopted to monitor the cure kinetics, thermal properties 
(heat capacity and thermal conductivity), process-induced dimensional variations and 
mechanical properties will be presented and discussed. 
3.0 Materials 
For preliminary experiments an epoxy resin supplied by Xecel Composites with trade 
name RTM6, was considered. This system is a premixed mono-component system, 
specifically design to fulfill the requirements of the aerospace industry in advanced 
resin transfer molding (RTM) process. RTM6 was chosen because previously 
characterized by the Advanced Material Group in Cranfield; all the results were also 
compared with different techniques (reefer to Karkanas112 for more details) and other 
authors, showing appreciable agreement. 
The main system considered in the present work is a TGDDM based resin, with 
catalyzed DDS cure and containing about 25% by weight of thermoplastic. The resin 
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appears as translucent paste at room temperature with quite high viscosity. According to 
the manufacturer, the shelf life at -18* C is 10 months and the glass transition 
temperature for the fully cured system is about 200' C. No more details were given for 
this system, since it is not jet available on the market. 
Cure Kinetics, 
3.1 Modelling: review and theory 
3.1.1 Constitutive Equation: remarks 
Thermal analysis provides very useful information upon which to construct an 
adequate kinetics model under both isothermal and dynamic temperature conditions. 
The mathematical model selected based on the experimental data generally represents 
the primary component in studies on the optimisation of thermoset moulding processes 
(resin transfer moulding, reaction injection moulding, prepreg cure, etc. ). Reliable 
methods are required to predict the degree of conversion and to control the evolution of 
the exothermic heat of reaction. Correct kinetics models are also essential to predict the 
evolution of the structure under more complicated temperature profiles; or to correlate 
the *changes in thermal and mechanical properties of the neat resin through all the 
manufacturing processes. 
There are essentially two forms of kinetic model used to describe thermoset-curing 
reactions: phenomenological models and mechanistic models. 
Phenomenological models (macroscopic level) assume that there is an overall order of 
reaction and fit this model to the experimental kinetic data. This type of model provides 
no information about the kinetic mechanism of the reaction and is predominantly used 
to provide models for industrial applications. 
Mechanistic models (microscopic level) are derived from a rather complex analysis of 
the individual reactions occurring during the cure, and require detailed measurements of 
the concentrations of reactants, intermediates and products. Mechanistic models are 
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much more complex than empirical models, but are not restricted by changes in the 
composition of the system. 
Despite the efforts that have been made in recent years, in the exploitation of kinetic 
models for polymerisation of thermosetting resin systems (see table 3.1), two main 
problems still arise: 
- no general model for the cure mechanisms of all systems is available; 
- in many cases, for a given resin system, different models are needed to describe 
isothermal and non isothermal experimental conditions; 
Although many authors in the past have already dealt with it, the first problem still 
represents a severe limitation on the industrial application of any monitoring or control 
system that requires significant prior knowledge of the cure kinetics, which will affect 
either the time or cost of production. 
Kinetic Model Expression 
First Order 72 

















+k2 " a'"ý " (1- aý" dt 
Notes 
k= rate constant 
E. = activ. energy 
A= rate coefficient 
n= reaction order 
a0, a,, a2 =constant 
n, m= reaction orders 
k1, k2 = rate constants 
n. m= reaction orders 
Autocatal-279 
da 
=(k, +k2 "a)"(1-a)"(B-a) k, k2 = rate constants 
(it B- stoichiometry factor 
Mechanistic 80 
a=f (concentration) 
p8ýý = cony, at gelation age, 
Self acceleration 81 da / dt =k" (1- a) " 
(1- Ca) C =constant 
Table 3.1 Mathematical models for cure of resins 
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However, the complexity of the curing reactions for each specific resin lead the 
determination of the most appropriate kinetic model to be dependent upon the type of 
system, and the accuracy and form of the results required. 
In the past, several authors 82,83,84,85,86, have pointed out that the parameters of the 
reaction rate expressions for isothermal and dynamic conditions may be different, while 
some others have modelled the polymerisation kinetics for a single resin system using 
two different mathematical models. The parameters in the mathematical expressions for 
the various kinetic models are usually determined from isothermal or dynamic DSC 
experiments. Springer87 used a least-squares analysis to determine pre-exponential 
factors, reaction orders, and activation energies from isothermal DSC data. For the 
Fiberite 977-2 resin, Mantel and Ciriscioli88 used an nth order reaction model to describe 
the reaction rate, applying a linear least-squares regression analysis to the isothermal 
and dynamic DSC data to ascertain the kinetic parameters. In this case, good model- 
experiment correlation was observed when model predictions were generated using the 
parameters evaluated under identical scanning conditions. Unfortunately, significant 
deviation was observed when predictions were generated using the dynamic model, but 
with kinetic parameters extracted from the isothermal data. Analogous results were 
obtained for isothermal predictions made using parameters determined from the 
dynamic DSC data. The same was true for other materials such as prepreg Fibredux 
6376 as reported in ref. 89; such a system exhibits a temperature dependent final degree 
of cure under isothermal conditions. MacCallum and Tanner84 wrote the first published 
paper that contained an extensive discussion about the applicability of the isothermal 
mathematical treatment to non-isothermal conditions. In this paper, the authors assumed 
the conversion a, under non-isothermal conditions in an homogeneous system, to be a 
function of temperature T, and time t: 
Eq. 3.1 
which leads to the following differential equation: 
da 
_ 





According to some authors (Malkin81, Draper9) the isothermal reaction rate is in 
N 
reality expressed only by the term s; the physical meaning of the term 
(2`1i)t 
ät öT 
was questioned by Simmons91, Gorbatchev92 and by Hi1193, who compared a reacting 
system with an arrow in flight. Although actually in motion, at any instant an arrow can 
be considered as being at rest; similarly, the state of a chemically reacting system at any 
instant can be defined without reference to change. 
The partial derivative with respect to time can then be used so that the function ä is 
appropriate for the description of an isothermally measured rate of chemical reaction. A 
more experimental approach to this discussion has been reported Sestak94, based on the 
accredited kinetic practice of correlation between the reaction rate, conversion and 
temperature. This is in the form of: 
da 
dt_ 
f. (T, a) Eq. 3.3 
for which a special form can also be derived, as: 
da=k(T)"f(a) 
Eq. 3.4 a) or 
la=a"k(T) Eq. 3.4 b) 
dt di 
The validity of a general form, as in Eq. 3.3, has been demonstrated 94,95,96,97 by 
suitably designed experiments and by deriving the particular expression from molecular 
theory (Arrhenius rate equation, collision theory, activated complex theory etc. ). For 
isothermal kinetics, eq. 3.3 can be rewritten as: 
da 
_ dr=f(r, a) 
Eq. 3.5 
where f denotes a particular function and r is the constant temperature value which 
characterised the process. The solution of Eq. 3.5 can be written as: 
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a= ä(r, t) Eq. 3.6 
On differentiating, this gives: 
da ää 
+ 
öä dIT öä E9.3.7 
dt öt )r ar dt at ,, 
Considering that the value r is constant, then its derivative with respect to time will 
be zero. From eq. 3.7, it is clear that for isothermal kinetics the reaction rate is defined 
by the change in the value of a between the process at T=r and the process at 
T= 1'+ dr. In the case of non-isothermal kinetics, assuming the initial temperature of 
the process To to be constant, eq. 3.5 can be rewritten as: 
da 
dt_ 
f(F-t, a) Eq. 3.8 
For which the solution is: 
a= ä(r', t) Eq. 3.9 









aä Eq. 3.10 
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(at)r, 
ar' dt at 
Jr, 
Rewriting eq. 3.9 as: 
ä(r,, t)=ä 
T 
,t => a=ä(T, t) Eq. 
3.11 
t 
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+ öä r, Eq. 3.12 dt at , öT dt öt T OT , 
It is important to point out that the partial derivatives 
as 





eq. 3.12 are not equal to each other, therefore the comparison between isothermal and 
non-isothermal kinetics cannot be reduced simply to discussions on the meaning of the 
value of the derivative 
ýT 
. The 




aä is very significant. at 
The main confusion about eq. 3.1 comes from the fact that the meaning of this 
expression has to be considered within the framework of rational thermodynamics. If 
the equation represents the constitutive equation of the system during the kinetic 
process, then at every time t and temperature T the state of the system can be 
completely identified. This is reported to be the behaviour of systems characterised by 
an independent "internal clock", which causes the phenomenon to progress further. This 
interpretation is, from a mathematical point of view, a direct consequence of the 
function that correlates the variables. 
The controversy about the total differentiation of the solution function is caused 
essentially by this erroneous interpretation. In fact, for ordinary chemical kinetic 
processes, as in the case of cure reactions of thermosetting systems, no "internal clock" 
can be assumed and the function concept, expressed by eq. 3.1, needs to be replaced by 
the more general concept of a functional relationship. Assuming the validity of eq. 3.3 




at ' at ' ate ' at3 ý... " 
Eq. 3.13 
For the initial condition a=0 and T= To at t=0 and specifying a temperature 
profile T= W(t), the solution of eq. 3.13 can be written as: 
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a=äß, (t) Eq. 3.14 
Equation 3.14 states that the value of the function äy, at any time t is a function of 
the temperature profile that has been specified. Under dynamic conditions, the 
temperature is represented by a linear function of the form: 
T =yr"t+To Eq. 3.15 
where yr is generally in the range 0.25-20 K min-'. The expression reported in eq. 
3.6 can be re-written, as follows: 
AT Eq. 3.16 
-fo 11T t) 
== 
Above analysis represents a fundamental background for the modelling of cure 
kinetics, and especially for the choice of the particular expression to be used during the 
fitting procedure. The major results stated by equation 3.16 is the independency of the 
cross-link conversion from the temperature rate; the degree of cure function then will 
not be a functional but a normal two variable function. 
3.1.2 Diffusion Controlled Mechanism: background 
When the isothermal cure temperature is lower than a certain value, the total heat of 
reaction calculated by integration of the isothermal DSC thcrtnograrn is lower than that 
obtained from dynamic scans. This means that incomplete reaction takes place (see Fig. 
4.8), so that the material at the end of the scan is only partially cured. The limitation on 
the extent of conversion at lower isothermal temperatures is due to the diffusion- 
controlled mechanism that operates during the last stages of the cure reaction. It is 
obvious that for a chemical reaction to occur, reactive groups arc required to be close to 
each other and also to be orientated so that eventually the cross-link can be formed. In 
the early stages of the cure, when the material is very much in a liquid state, the rate of 
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cure is predominantly controlled by chemical kinetics; this essentially means that in tc 
"reaction zone" the temperature of the system is capable of activating a reaction 
between monomers. Since these processes are vcry fast due to the short characteristic 
times of the liquid state compared to the time of experimental observations, the rate 
cocfficient for the reaction is constant at constant temperature; hcncc the validity of 
Arrhenius-type analysis. 
When the progress of the reaction is affected by the inherent increase in the viscosity 
of the entire system, the reactive groups or reactive sites on the molecules will not be as 
close to each other as they were previously98'99. At this stage, reactant groups are 
required to diffuse to reactive centres, in order for the reaction to take place. When this 
happens, the diffusion mechanism controls the evolution of the reaction rate, which 
necessarily needs to be modelled within the kinetics. 
It seems appropriate to outline in more detail the origin of the diffusion-controlled 
kinetics, since sometimes it can lead to a misinterpretation of the entire phenomenon. 
When the monomers within the limits of the reaction zone have reacted then the main 
factor affecting the overall rate of reaction is the diffusion of the free molecules within 
the forming structure, which are still inside the system. Many authors assume that shear 
viscosity is the parameter influencing the onset of diffusion-controlled kinetics and 
therefore its modelling needs to be coupled with cure kinetics. 
However, this assumption is debatable and can be inappropriate for a more precise 
analysis. In fact, as the reaction occurs at the microscopic level, only the "local 
molecular viscosity", also identified as micro-viscosity, will have any influence over the 
diffusion rates. Consequently, no meaning can be attributed to the shear viscosity in 
relation to the diffusion mechanism, as it is a macroscopic property of the material. 
da = ko " fr(T) -f, (a) -fo" (PL) Eq. 3.17 
The local viscosity has been determined for small molecules in some polymeric 
matrices by Guillettloo, who obtained values that were many orders of magnitude lower 
than those of its macroscopic counterpart. 
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Since this distinction is sometimes not made in the analysis of diffusion control 
phenomena, it is very common to relate the diffusion mechanism (see eq. 3.17) to the 
increase in the resin viscosity, which in turn identifies the fortnation of the three 
dimensional network during the cure (gelation rcgion)'01. 
Hence, if the behaviour of the resin is described by a constitutive equation, which 
includes the dependence of the reaction rate upon viscosity, then the relevant viscosity 
is not the shear viscosity, but the local viscosity. As the curing process continues, intra- 
molecular reactions between epoxy resin molecules and the remaining reactive groups 
attached to previously formed macromolecules become predominant. 
Theoretical models of this stage of the cure have been extensively discussed by Mita 
and Horiclo' using a reptation theory model and by Rozcnberg 102 , who also tried to 
determine the topological area of the reaction associated with reactive groups that are 
isolated within the gelled structure. Experiments have demonstrated that analytical 
methods are not sensitive enough to detect these un-reactcd groups and for this reason it 
is not possible to evaluate their concentration during the final stages of the curing 
process. It is clear then, that the overall reaction rate cannot be a function of the 
temperature alone, but that a dependency on a structural parameter has to be included, 
which at certain isothermal temperatures will lower the reaction rate, limiting the extent 
of the reaction. 
3.1.3 Diffusion Controlled Mechanism: Modelling 
Considering that the reaction is driven by two parallel phenomena, the chemical 
mechanism and the diffusion control mechanism, then the overall reaction rate 
coefficient can be written, according to Rabinowitch theory103, as: 
1_ 11 
k kT (Tý 
+ 
kd (a, Tý) 
(Rabinowitch equation) Eq. 3.18 
where the rate coefficients k, k, , kd are respectively the control effective rate of 
reaction, the temperature dependent component (which has an Arrhenius temperature- 
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dependence), and the rate contribution from the diffusion mechanism, which is 
generally expressed as a function of a suitable structural parameter for the system. 
It is obvious that k=k,. in the early stages of the reaction when k,. » kd. However, 
when the curing temperature is close to or below the glass transition temperature of the 
reacting system, then the contribution of kd becomes stronger and needs to be 
considered. Different expressions have been proposed to model the diffusion-controlled 
rate of reaction' 04"°5,106,107. Wise et at. 108 have proposed a modified WLF equation to 
model the diffusion rate, as follows: 
g 
(a)ý 






where kdo is the value of the diffusion rate at T= Tg, Tg(a) is the glass transition 
temperature of the curing system, which is a function of the degree of conversion and 
C, and CZ are two constants. 
The expression used in this work to model the rate of the diffusion-controlled curing 
reaction is based on free volume models proposed by Simon and Gillham109, as follows: 
kd (T) = kdo " exp -b Eq. 3.20 f 
where the parameter kdo has an Arrhenius temperature dependency: 
kdo(T) = Ad . eXp _RT Eq. 3.21 
with activation energyEd and pre-exponential factor Ad *In eq. 3.20, the parameter 
b is 
adjustable to achieve a suitable fit, while the parameter f encapsulates the driving 
force of the diffusion-controlled mechanism by means of the Doolittle equation71 to 




- Tg (a)]+ 2.5.10"3 Eq. 3.22 
Since glass transition temperature needs to be evaluated for each degree of cure (sec 
Eq. 3.16) a complete mathematical model for T. = Tg (a) over the whole conversion 
region will be presented. 
3.2 Differential Scanning Calorimetry (DSC) 
3.2.1 Differential Scanning Calorimetry as a Cure monitoring technique 
Whenever a material undergoes a change in state such as melting or chemical 
reaction, heat is either absorbed or liberated. Many such processes can be initiated 
simply by raising the temperature of the material. 
In order to follow the cure of a thermosetting resin, several different techniques have 
been considered. Each of these techniques consists mainly of measuring a physical 
quantity directly or indirectly related to the cure state of the system under investigation. 
A weighted expression for the physical property is then generally treated as a 
'conversion parameter, which is able to follow the progress of the reaction as a 'relative 
indicator'. 
The methods that are'used to monitor cure as a function of the time 'and temperature 
may be classified as follows: 
Direct assay of the concentration of reactive groups present: this involves either the 
dissolution of the partially cured resin, followed by wet analysis, get permeation 
chromatography, or nuclear magnetic resonance (NMR) spectroscopy, or the 
continuous assay of the whole sample during the analysis, using infrared, Raman, or 
fluorescence spectroscopy. 
Indirect estimation of the extent of the reaction: mainly using thermal analysis or 
new fibre optic techniques based on the evaluation of relative changes in the 
refractive index (which are strongly related to the density of the system) during the 
curing process. 
54 
Measurement of relative changes in the physical and mechanical properties of the 
resin: this refers to the evaluation of rheological properties, dynamic mechanical 
thermal analysis (DMTA or DMA), or torsional braid rhcometry (TBR) 
The purpose of differential thermal analysis systems is to record the difference 
between the enthalpy change which occurs in the sample and that in some inert material, 
when they arc both subjected to the same thermal program. These systems can be 
classified into two main categories: 
9 Differential Thermal Analysis (Classical-DTA, or Bocrsma DTA) in which both 
material and reference are heated by a single heat source and sensors measure the 
temperatures of the two materials embedded in the sample and reference material 
(classical type) or attached to the pans containing these materials (Bocrsma). For 
both systems, the results arc recorded as a plot of the difference in temperature 
between the two sensors against time. However the AT signal is proportional to: 
a) the heat capacities, which are unknown, at least for the investigated material; 
b) the enthalpy change; 
c) the total thermal resistance to heat flow, R, as a function of the temperature; 
Consequently, these DTA systems are not suitable for making a simple conversion of 
peak area into energy units. 
Differential Scanning Calorimetry measures the rate at which heat is absorbed or 
emitted by the sample compared with that of the reference material. Two different 
types of scanning calorimeter can be identified: 
-the Power Compensation DS which basically determines the difference 
between the power supplied to the material and the power supplied to the 
reference for a stated thermal program, with the two materials located in 
two separate heating cells; 
-the Heat Flux DSC, which records the heat flow between the material and 
the reference using a configuration with a single cell containing both 
samples. 
The DSC cure monitoring technique is based on the following major assumptions; 
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- that the temperature gradient within the samples is negligible; this condition is 
ensured by using a very small sample of material; 
- that the rate of reaction is proportional to the heat flow developed during the 
test; 
- that for a dynamic run, the heat flow associated with the specific heat capacity of 
the material can be subtracted using an appropriate baseline (see Bandara 
Baseline). The concept of the baseline along with the specific method used for 
this work will be outlined in section 3.2.3. 
3.2.2 Experimental set-up under dynamic conditions 
The equipment employed for cure kinetics monitoring was a TA Instruments DSC 
machine type 2920, fitted with an LNCA cooling system, with a temperature range 
between -100°C to 725°C. All the tests were conducted in an inert atmosphere of 
nitrogen. Dynamic runs at constant heating rates were performed on the ricat resin in 
order to determine the total heat of reaction, AHT, which corresponds to the total heat 
emitted by the system during cure to full conversion. The total heat of reaction is 
independent of the heating rate; recommended range is 1-20 K min-' 110,111 even though 
phenomena vitrification and divitrification take place only at low heating rates. 
In work by Karkanas' 12 , DSC thermograms show no divitrification process at the 
lowest ýeating rate of 2K min7.1 for the used RTM6 epoxy system. However, ýkordos 113 
has found that at heating rates of 0.25,0.5 and IK min-' a second peak can be observed 
at the end of the curing process 114 for the same epoxy system. This extra peak occurs 
when the cure temperature exceeds the final glass transition of the matcdal. 
heating Rate 
1 2 5 7.5 10 15 20 
K min 
Total Enthalpy of 
Reaction (J g-1) 
395 419 414 424 405 413 404 
Average Value (J g'') 
410 t9 
Tab. 3.2 Total heat of reaction for different heating rates. 
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For industrial applications, heating rates lower than IK min-' arc inconvenient 
because of the long cure times and high costs involved. For these reasons, in the 
present study the following heating rates were used: 1,2,5,7.5,10,15,20 K min- 
Table 3.2 reports total heats of reaction for all heating rates. 
Each value is the average of three different measurements for each rate, although 
very high repeatability was obtained under both dynamic and isothermal conditions. 
Since the initial material was an un-rcactcd resin, a sub-ambicnt temperature of -50"C 
was used as the starting temperature for each dynamic run. The glass transition 
temperature of the un-reactcd material was also obtained from each run and later used 
for the Tg modelling. The instrument was equilibrated at -50"C for 5 minutes and then 
the heat evolution was monitored from -501C to 315"C. It is to be noted that to reduce 
the thermal gradient within the samples for all the dynamic experiments, the specimen 
weight was restricted to the range 3-4 mg. Before starting each set of experiments, a 
temperature and cell calibration was carried out, using as the reference material indiurn 
(Tmelting=256.60 'C, AfImelting=28.71 J g-1). Melting the standard substance at an 
appropriate heating rate and comparing the recorded mclting temperature and mclting 
enthalpy with the literature values perform these two calibrations. 





Fig. 3.1 Typical DSC thermogram for a curing resin system under dynamic condition 
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The ratios between the experimentally obtained values of Tnjting and L Flmclting and 
the standard values for indium reported in the literature arc called respectively the 
temperature and cell calibration constants. They arc used to perform corrections to the 
raw signal from the then-nocouples and to the computation of the heat flux. An elliply 
cell calibration run (oficn identified as the baseline calibration) was also performed for 
each heating rate: this further calibration was carried out on the empty cell, using the 
same temperature program as was used for the test runs. The machine from the 
subsequent raw signal automatically subtracted the resulting signal. 
A typical thermogram for a dynamic cure is shown in fig. 3.1, along with the 
background correction (Bandara's Baseline) and partial area integration. The degree of 
cure at any temperature T can be obtained by dividing the hcat evolved in reaching 
temperature T by the total enthalpy of reaction, iHT, as follows: 
a= 






dT Eq. 3.24 
TO 
The lower bound of the integral, To is the lowest temperature at which heat evolution 
begins, while T is the temperature at which the degree of conversion is evaluated. The 
temperature To was also used as the maximum temperature for the degassing operation 
on the neat resin. 
3.2.3 Bandara's Baseline 
The problem of the sample background corrcction ariscs because the thermal event 
being observed (e. g., curing, melting, or crystallization) is accompanicd by a continuous 
change in the heat capacity of the system. The background correction is a severe 
58 
problem, which can affect the reproducibility and quality of the data; however, it 
usually receives little attention. 
The standard methods used to overcome this problem, which arc however not 
strongly supported by a theoretical justification, are: 
-a straight baseline 
-a sigmoidal baseline 
When the cure of a thermosetting resin system is investigated, the signal obtained by 
repeating the heating cycle is often considered as providing an appropriate sample 
background correction. However, because the heat capacity of the reading resin system 
is dependent on the degree of cure and the temperature, it has to be argued that the 
baseline obtained by repeating the heat cycle represents a valid approximation only for 
the extreme end of the cure cycle. 
In this work, an iterative algorithm proposed by Bandaral 15 has been developed and 
implemented to provide the sample baseline correction for all dynamic runs. In the case 
of thermosetting resin curc, the modified algorithm assumes that the thermal event 
involves not only a gradual change in the chemical composition of the reacting system, 
but also physical changes in the specific heat capacities of the two existing components 
(uncured resin and final cured resin). 
Some restrictions must be imposed, because crosslinking is attained gradually, which 
is equivalent to saying that the rcacting system is an evolving mixture containing an 
extremely large number of intermediates with different chemical structures. Following 
this assumption and dividing the temperature range into a number of segments equal to 
SN t the sample background can be written as: 
S 











where t is the time coordinate obtained from the heating rate, a is the degree of 
conversion, S, "' (t) is the DSC signal level for the initial substance prior to the thcnnal 
event and Sf"(t) is the signal level after the thcnnal event Sbaciground (t) represents the 
sample correction baseline, which has to be determined. 
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Input DSC Raw data: 
1, T, i Set number of finite 
segments, SN 
Set initial conversion at 
zero for all dynamic runs 
Linear Interpolation of: 
" Raw Data 
" Initial Part of DSC Signal 
" Final Part of DSC Signal 
Rrr>(1(11 % 
Set the sample background function: 
Sbockground (t) - 'Sin 
(r) 
Results: 
S=(L, T, s) 
si"(t) 
S! " (t) 
Solve Eq. 4.4-5 Results: 
'sbadground lt 
) 
Error between Sbackground (1) of the 
previous and current iteration 
Err<0.01 % 
Back Ground Sample Correction 
`sbackgm., d lt) 
, 
da 
t, T' 'a (it 
Fig. 3.2 Flow chart for the Bandara Algorithm in Matlab 
If the degree of cure is known, the degree of convcrsion can be stated as: 










where S(t) is the experimental DSC signal (corrcctcd for the instrumental baseline, 
see the empty ccll calibration); t. is the final instant of the thcrmal event. 
It can be seen that the denominator of cq. 3.26 represents the total heat of reaction for 












The above equation accounts for the variation in heat capacity with respect to 
temperature and conversion throughout the thermal event. At the same time, it satisfies 
the physical boundary conditions: 
s 
a=O Sbackground Si Eq. 3.28 
S 
a =1 'background (t) = 
2a 
. Sin (t) Eq. 3.29 
i=l 
Since the sample background correction is the unknown function to be evaluated, and 
at the same time, it is required for the computation of the degree of conversion, an 
iterative algorithm needs to be implemented. Figure 3.2 is a flow chart for f the 
modified Matlab code; this code was used to perform the background correction, raw 
data integration, and calculations of reaction rate and degree of cure. 
3.2.4 Experimental set-up under isothermal conditions 
Dynamic data are not sufficient to describe the complete behaviour of the 
polymerisation reaction. Autocatalytic and diffusion control effects, for example, are 
detected only during isothermal experiments. 
Isothermal experiments on the neat resin were therefore conducted at six different 
temperatures, 120,140,160,180,190 and 200"C, in order to establish reaction rate and 
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conversion profiles with curc time. The heat released by the resin was greatly affected 
by the curing temperature: thus at lower temperatures (T<100'C), no exothermic 
behaviour was observed within the limits of sensitivity of the apparatus. If the curing 
temperature is higher, the exothermic peak will not be recorded entirely because of the 




















The heat released by the resin during the polymerisation was measured by placing 
theyesin in the DSC cell at a temperature of 80T, which is well below that needed to 
start the reaction, and then ramping up to the given test temperature, with a heating rate 
of 20 K min-'. At each selected curing temperature, the known values of the reaction 
rate, obtained previously from the dynamic kinetics, were used. 
The recorded heat flow curve during the early stage of cure at T= 2000C is reported 
in fig. 3.3; it is clear that the high rate of reaction will affect the detection of the 
exothermic peak. The expected overshoot of the temperature naturally associated with 
ramping up from 800C will be accentuated, with a consequent loss of data during the 
early stage of the test. 
The degree of cure, a, at any time t during the isothen-nal reaction is obtained as: 
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0 10 20 30 40 50 
dt 
5! L. dt 
0AHT Eq. 3.30 
The baseline for the integration was a horizontal line, drawn from the start of the 
reaction to the completion of the cure process (ultimate plateau). 
The numerator represents the heat released by the sample up to the time t and 
corresponds to the area between the DSC signal and the assumed baseline. The value 
AHT P previously evaluated from the dynamic runs, corresponds to the total heat 
released by the resin system in reaching 100% conversion. Numerical procedures were 
applied to calculate the integral of the above equation at various time intervals in order 
to obtain the conversion profile for each curing temperature. 
3.3 Glass Transition Temperature 
3.3.1 Modelling: background 
The glass transition temperature (Tg) is among the parameters that most strongly 
characterise polymer systems. In the case of a thermosetting resin, the Tg can be 
considered a suitable parameter to follow the unique structural changes of the system, 
which occur during the polyrnerisation reaction, due to the particular conditions applied. 
Theoretical approaches for modelling the relationship between Tg and conversion 
have been proposed for many thermosetting materials 116,117,118,1 19. For some models, 
however, many complications arise from the mathematical complexity and multiple 
fitting parameters that need to be determined, either from experimental tests or from 
fitting of the experimental T. vs. conversion data. 
Gillham, and Venditti 120 have proposed an adaptation of an equation derived by 
Couchman 121 to predict the dependence of T. on the composition of polymer systems, 
and used it to model the glass transition temperature of thermosets during curc. If the 
thermosetting system is assumed to be a random mixture of monomers at concentration 
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(I - a) and reacted segments at concentration a, the molar mixed entropy of the global 
system is: 
S=(1-a)"S0+a"S. +ASm Eq. 3.31 
where the subscripts 0 and oo refer to un-reactcd and fully reacted material 
respectively. The last ten-n of eq. 3.31 accounts for the entropy of mixing. From basic 
thermodynamic definitions, considering that the entropy of uncured and fully cured 




0 S=(I-a). S,, -fC, O-d(InT) +a go 
fCpw. d(InT) +AS,. Eq. 3.32 
Tgo To. 
where CPO = Cp (a = 0) and Cp. 0 = 
Cp (a = oo). Requiring that at T. the entropy of 









where all temperatures are on the absolute scale. In deriving eq 3.33 from eq. 3.32, it 
has been assumed that the change in specific heat capacity between the glass and 
= CI liquid/rubber states for the uncured (ACPO po - 
C9 and fully cured PO 
(AC = C' - Cg) material is not temperature dependent. The above equation will be POO POO 
6,47 tested for thermosetting crosslinking system (e. g. aromatic epoxy/aromatic amincý 
aromatic epoxy/ novalac 122). Pascault and Williams 123 used eq. 3.34 considering that: 
TS 0T AC, (T) = ACP. 
IT. Eq. 3.34 ACPO (T) = 
ACPOIT-Toir 
T T, - T 
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From eq. 3.33, DiBencdetto's equation can be derived as: 
Ta= 
(1-a). T +A "a"T E q. gýý (1-a)+ %. a 
qý 
where A is the model parameter. Equation 3.35 can be tested either by directly fitting 
experimental data on T. vs. conversion, or by determining whether measures of hcat 
capacity for the uncured and fully cured materials result in values of 
ACPOO 
that in turn 
ACP0 
fit well with the experimental data on T. vs. conversion. 
3.3.2 Experimental Method 
In order to link the development of Tg with the progress of the reaction, the glass 
transition temperatures of a number of partially cured resin samples were measured 
using DSC. The samples had been obtained by curing the resin in the DSC apparatus, 
under either dynamic (heating rates between I and 20 K min7l) or isothermal conditions 
(temperatures between 1201C and 1800C) for different times, and subsequently 
quenching. Fast cooling of the resin sample soon afler the isothermal cure eliminated 
any physical aging effects; for this reason a smooth step diagram is expected, signifying 
that the resin has not -yet started to undergo spontaneous densification, which is 
normally revealed by a physical aging peak on the DSC thermograms' 13- 
A total of 50 specimens were prepared and tested for the whole range of conversions. 
In addition, the evolution of the glass transition temperature at 14011C and 160*C was 
specifically monitored. 
The Tg value was determined as the inflection point of the heat flow step in the DSC 
signal in a thermal scan at 10 K min7l for the isothermally cured samples; while for the 
dynamically cured specimens the same heating rate was used in order to avoid a 
measurement of the glass transition temperature that was dependent upon the heating 
rate. In order to evaluate the degree of conversion, the residual heat of reaction had been 
detcrinined for each sPecimen at the end of each DSC scan. 
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Major Transitions during the 
3.4 Gelation and Vitrification: background 
The polymerisation reaction of thermosetting rcsins is characteriscd by two 
phenomena of critical importance for the optimisation of the manufacturing process, as 
well as for the quality of the f inal part itself-. gelation and vitrification. 
Gelation is defined as the incipient formation of a three dimensional network of infinitc 
molecular weight. Prior to gelation, the uncured system is soluble and fusible, while 
after gelation both soluble (sot fraction) and insoluble (gel fraction) components arc 
present 124 . When gclation occurs, the viscosity increases sharply and a large reduction in 
the reaction rate is recorded. At gelation, the average molecular weight effectively goes 
to infinity, even though the number average molecular weight is still small. In the 
processing of thermosetting resins the gel point assumes an extreme importance; in the 
case of reactants and resin, it is necessary to ensure that mixing is complete before 
gelation, since the resin will not flow after the formation of a 3D network. In the case of 
a mono-component auto reactive resin, instead, the rapid increase of the viscosity can 
lead to void formation, air entrapment or a partially filled mould. 
Owing to the random nature of the growing macro radicals (in the case of styrene in 
polyester) in the polymerisation process, -the percolation theory has been widely used to - 
describe such disordered systemS125'126 . The classical approach to percolation on the 
Caylee tree, due to Flory 127 and Stockmayer 128 , is regarded as the starting point 
in the 
theory of the kinetic gelation model. This model is mainly a description of, and an 
attempt at, modelling the chemistry of irreversible polymer gelation using a lattice 
model. 
Vitri: Cication is the physical transformation of the material from the liquid or rubbery 
state to the glassy state. At this stage the polymerisation reaction is almost totally 
diffusion-controlled and the reaction rate 129 is near zero. The cessation of the reaction, 
however, is not necessarily an indication that the reaction is compicte; subsequent 















Lop fit (Cut* MOL 
Fig. 3.4 Simplified Time-Temperature-Transition diagram (TTT) (Gillham et al. 130) 
to so 'y (Ts) 
Ti- To(TIr so) 
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At vitrification, the material solidifies as the result of the transition rrom rubber to 
glass; it is well know that this phenomenon occurs when the actual temperature of the 
131,132 
specimen is equal to or exceeds T,., . Vitrification can be seen very clearly 
during 
isothermal cure tests using MDSC; however, as reported by Skordos' 13 for the RTM6 
resin system, it can occur also in the latter stage of reaction if the heating rate is 
sufficiently low. 
The relationship between the extent of reaction, the temperature and the time of cure 
forms the basis of the so-called Ti me-Temperature-Trans formation (TTT) diagram 
developed by Gillham 133 . Figure 3.4 shows a simplified TTT diagram with no phase 
separation regions; this diagram is usually very useful for following the evolution of the 
resin structure along a chosen then-nal profile. 
Three important temperatures (g,, Tg, Tg, and T g. 
) and three distinct regions of 
materials behaviour are shown (sol-gellglassl, sol-glasslglass2 and gel-glassIglass3). 
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T,,, is the glass transition temperature of the uncured system; theoretically below this 
temperature the system has no reactivity; while T.. is the Tg for the fully cured system, 
and for temperatures above this value no vitrification is expected. The ,, 
T. is a 
particular temperature at which the gelation and vitrification lines cross each other. 
In the same figure, three different possible temperature ramps are also indicated. 
Depending on the heating rate, the system can undergo diffcrcnt transformation 
sequences. Following ramp 1, the system gels but does not vitrify; the degradation 
region is reached at the end of the process. Following ramp 2 the material first gels then 
goes through the vitrification region and ultimately degrades. With ramp 3, the system 
vitrifies before gelation. 
3.5 Conventional Method of Gelation and Vitrification Monitoring 
Different conventional methods can be used to monitor the gelation time for a 
thermosetting resin. In this section, a brief description of the rheo-mechanical 
techniques commonly used will be reported and discussed. 
Isothermal dynamic tests 134 : in performing isothermal rhcometric tests at a fixed 
frequency, the gel point is reported as the time at which G' (elastic modulus) and G" 
(storage modulus) cross over. ASTM 4473-90 describes the technique for the crossover 
point analysis of isothermal dynamic tests on . thermosetting resins. Xrrelano 135 et al. 
evaluated the gel point of various DGEBA-bascd epoxy resin systems using the 
crossover method. It is important to note that in all these measurements, the frequency 
must be chosen such that the relaxation time of the network is within the period of the 
data sampling. This requirement is expressed by the following equation: 
2", r > trelax texp = 
CO 
Eq. 3.36 
where t,, p 
is the experimental time scale, trelax is the characteristic relaxation 
time of the system and oi is the test frequency. 
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Isothermal steadE time tests: in these tests the viscosity is measured as a function of 
curc time at a constant shear rate and the gel point is defined as the point at which the 
viscosity tends towards infinity. Considering that an infinite value of viscosity cannot be 
measured due to the limits of the machines, and also that during the tcst shear now will 
inevitably destroy the three-dimensional network that is forming, this technique must be 
treated with caution. Moreover, since phase separation and vitrification also lead to an 
increase in viscosity, 136 the gelation "poinf' (some researchers consider improper the 
use of the "gelation poinf' preferring the expression "gelation rcgiow') is likely to 
become confused among these different transformations. 
Isothermal multiwave testin : this is a recent technique based on the measurement of 
dynamic resin properties using a Fourier transform response to a multiple frequency 
wave excitation. The anti-Fouricr transform of the response signal will provide the 
characteristic behaviour of the liquid resin to each of the input frequencies. The gel time 
obtained using this technique is defined as the point of intersection of curves of loss 
modulus against cure time for different frequencies. 
Isothermal d 137 to Xnamic relaxation testin : this method has been used by Winter 
determine gel time by performing an isothermal step strain test which measures the 
relaxation modulus (G) and relaxation time (r) as a function of the elapsed time after 
the instantaneous application of the strain (typical relaxation test). The gcI point is 
determined as the point at which the relaxation modulus can be modelled as having a 
power law dependence on time. 
Dvnamic temperature ramp testiLig: employing this technique, storage and loss modulus 
are measured as a function of time during a given temperature ramp. The gel time is 
identified as the time corresponding to the maximum in tang. This procedure is also 
described in ASTM 4473-90; some researchers 138 have expressed reservations about 
this specific method, especially in the case of highly filled epoxy resins. 
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3.6 Experimental Set-up 
3.6.1 Gelation 
The experiments performed in this project to determine the gel point at different 
temperatures have been carried out using a Bohlin CV 10 rhcometer, which is described 
in more detail by Karkanas 112 . 
The technique of dynamic testing has been employed to determine the gel point at 
different temperatures in the range II OC - 180'C; the gel point was determined as the 
crossover point between the storage modulus (G') and the loss modulus (G"). A few 
tests have also been performed under dynamic conditions at low heating rates of 1,2 
and 5K min7l, and the results were compared with data from isothermal rheometric 
tests. Higher heating rates are not recommended since the inherent thermal lag could 
considerably affect the final results obtained. 
Prior to each experiment, frequency and stress sweeps were made at chosen 
temperatures, in order to determine the appropriate frequency and stress ranges to 
ensure that the resins behave as linear viscoelastic materials. Heating of the plates at the 
testing temperature for 2-3 min, in order to equilibrate the temperature, preceded each 
test. The resin was then placed on the bottom plate, and the upper plate along with the 
temperature chamber was lowered down until a fixed gap of 0.5 min was reached. A 
plate-plate configuration was. uscd with 40 min diameter plates; the bottom plate was 
fixed, with the top plate oscillating at the set frequency of 0.5 Hz. 
To control the temperature of the test, the instrument has two separate electrical 
heaters, one for the fixed bottom plate, and the other for the travelling upper plate. In 
order to reuse the aluminium. bottom plate, after each test the plate was heated to a 
temperature of 5000C to decompose and therefore remove the resin. 
3.6.2 Vitrification 
Vitrification involves a physical transformation from the liquid or rubbery state to 
the glassy state. In a curing resin in which the temperature is either constant or rising, 
vitrification is due to the ongoing increase in crosslink density. This phenomenon 
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occurs when the glass transition temperature of the system becomes equal to the actual 
curing temperature. During an isothermal cure, T, increases, as one would expect, due 
to the increase in the crosslink density of the material. Modulated Scanning 
Calorimetry 139 is a useful technique for evaluating vitrification points during isothermal 
cure. 
Times of vitrification can be determined from the specific hcat capacity profiles 
presented in Chapter 6. These curves were obtained by perfori-ning modulated 
differential thermal scanning on the resin at a fixed curing temperature with appropriate 
frequency and amplitude of modulation (refer to Chapter 6 section 6.2 and 6.3 for a full 
description of the experimental parameters adopted). Spcciric heat signals exhibit an 
abrupt drop when the temperature of the curing resin becomes lower than its 
conversion-dcpcndcnt glass transition temperature. The onset of this drop is taken as the 
vitrification point in the present work. 
The vitrification point can also be identified from the Tg curves at different 
isothermal temperatures. The time and degree of conversion required to reach T= Tg 
are defined as the vitrification time, t, and conversion, a, - 
Thermal Prgp-Qrties 
3.7 Heat Capacity 
3.7.1 Background 
Heat capacity is generally dcfined as the energy required to raise the temperature of 
the material by one degree. Since this property depends on the mass of the material, its 
mass normalised relative value (specific heat capacity CP) is used to characterise the 
material; CP is a fundamental thermodynamic property, which can be used as an 
important key indicator of structural changes. Monitoring of variations in specific heat 
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capacity during cure of resins appears to be particularly important for the evaluation of 
the final properties of the part140. 
3.7.2 ExPerimental technique 
The sub-model used for the thermal simulation is based on direct interpolation of the 
experimental data within the phase space of two state variables: degree of cure and 
temperature. The results of the kinetics model presented in chapter 3 have been be used 
to build the surface cp vs. a and T; a linear interpolation function has been 
implemented in the algorithm. The heat capacity of the uncured resin was measured at 
fixed temperatures within the range of 120'C-180"C for differctit periods. This 
temperature range has been carefully chosen with the aim of covering the whole 
processing window of the corresponding resin matrix in composite materials. 
Traditionally DSC has been used to measure cP according to ASTM standard E1269, 
by means of three different scans: a calibration scan using a sapphire standard, a 
baseline scan with an empty pan and the sample scan 141 . DSC measures heat capacity, 
as an absolute quantity. It quantifies how much heat must be supplied to a substance to 
heat it to a certain temperature, i. e. to the moulding temperature. In this technique, C, is 
generally calculated from the difference in heat flow between a blank (empty pan) and a 
sample run under identical conditions. Considering that the heat flow response, 
normalised for the sample mass and heating rate, is directly proportional to specific 
heat, we obtain: 
CP = 
KDsc - HF 
M, -A 
Eq. 3.37 
where KDSC 9 6, and m, are respectively DSC calibration constant, hcating rate and 
sample mass; HF represents the resulting heat flow signal. 
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In this spccific work, Modulatcd Diffbrential Scanning Calorimctry (MDSQ has 
been employed to measure the heat capacity of the ncat resin during the polymcnsation 
reaction. This innovative experimental technique is able to separate thermal events that 
occur over the analysed temperature range, distinguishing, for example, simple changes 
in the cnthalpy of the sample from changes in its specific heat capacity. This is done by 
superimposing a sinusoidal thermal signal on the non-nally applied thermal test profile, 
and dcconvoluting the resultant hcat-flow signal using specialty developed software. 
It has been shown that modulation is a powerful technique for resolving events that 
would otherwise remain undetected during conventional DSC runs. Modulated 
calorimetry provides the ability to obtain heat capacity infortnation with several 
additional benefits, including; improved resolution of closely occurring or overlapping 
transitions 142,143 ; unique information at lower heating rates or under isothermal 
conditions, compared to measurements by conventional DSC5; and quantitative results 
6 from a single measurement without the need to run preliminary calibration tests 
In the case of MDSC tests performed with an empty pan of known specific heat 
capacity Cpa" and an identical pan of an inert sample material with specific heat P 







+ (Cr )2 Eq. 3.38 
where m is the sample mass, AT ) co and A,,, are respectively the amplitude and 
frequency of the modulated signal, and the corresponding amplitude of the heating rate 
oscillation. 
3.7.3 ExPerimental conditions 
The MDSC study was carried out on a TA-Instruments 2920 DSC at temperatures of 
120,130,140,150,160 and 180*C for different time pcriods. Uncurcd samples of resin 
were subjected to the same thermal cycle as that previously used to obtain isothcrtnal 
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kinetics data, in order to match data for the heat capacity and degree of conversion 
directly within the same time space. The thermal cycle consisted of a ramp from room 
temperature, where the material had been equilibrated for 20 minutes, up to the 
isothermal temperature, at a controlled heating rate of 20 K min-'. Modulation was 
applied to the resin cure by superimposing on the thermal cycle a sinusoidal signal of 
IK amplitude (applied as ±1 K from the nominal temperature) with a period of 60 s. 
Deconvolution of the MDSC signal was carried out using the TA2000 soflware. 
Specific heat capacities versus time curves resulting from this type of experiment are 
reported in chapter 6; all the results obtained for temperatures within the range 
120'C - 180'C were used for the interpolation subroutine. Results obtained at 
T= 100*C have been excluded because of non-availability of kinetics data at such low 
tcrnperatures. 
3.8 Thermal Conductivity 
3.8.1 Background 
Thermal conductivity is a measure of the ease with which heat is transmitted through 
a material and is a basic material property. For a composite material with a 
thermosetting polymer matrix, then-nal conductivity is an important. physical property, 
which varies significantly during the transformation of the matrix. This variation has a 
considerable effect on the heat transfer within a thick manufactured part during the 
process, and therefore also on the progress of the polymerisation reaction. 
The strong variation of thermal conductivity during the curing reaction must be 
introduced into the model to give simultaneous good predictions of the temperature and 
state of cure. For any polymer, thermal conductivity will increase with increasing 
concentration of filler or with the progress of the polymerisation reaction. Previous 
reported results 147,148 concern thermal diffusivity measured during isothermal curing of 
composite materials. 
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Using apparatus developed by the author, accurate results have been obtained for the 
evolution of thermal conductivity during the curing stage. However, these were limited 
to the glassy region only. Skordos 113 developed a new apparatus to measure the thermal 
conductivity during the cure. He performed successful experiments at various 
isothermal temperatures on the uncured neat resin RTM6; these showed that a linear 
dependency of thermal conductivity upon degree of conversion could be assumed up to 
the vitrification point. Beyond that point, the thermal conductivity sharply increases 
because the resin is in the glassy state. 
3.8.2 Procedure and Experimental Conditions 
In the present work, the method used to evaluate the thermal conductivity of the neat 
resin was based on heat capacity measurements made using MDSC (TA2920). The 
investigated systems and an appropriate reference sample (polyethylene in our case), 
were analysed according to the MDSC instruction manual 149 . MDSC users 
have 
observed that the heat capacity results are obtained when experimental conditions are 
selected to obtain the maximum temperature uniformity across the test specimen. These 
conditions are reached in the case of small, thin specimens under long oscillation 
periods. Complete encapsulation of the test specimen in sample pans of high 
conductivity, produces the best results. Alternatively, the effects of the specimen's 
thermal conductivity may be also maximiscd using thick test specimens and the use of 
open sample pans, which results in the application of the temperature oscillation to only 
one side of the sample. 
In this latter case the MDSC results give an apparent heat capacity value from which 
the thermal conductivity can be derived. The ratio between the heat capacities of the 
encapsulated and open samples represents an indication of the ease with which 
temperature uniformity can be achieved across the test specimen. The onc-dimcnsional 
heat flow model for a typical DSC150 can be expanded using the modulated heat flow 
imposed by the MDSC, yielding the equation: 
2 
)2 1-2-e"" -cos(2-Z. L)+e 
42-L Q 
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flow rate; co the angular frequency of the oscillation; p the sample dcnsity; CP sample 
heat capacity; To temperature modulation amplitude and L, A and M respectively arc 
sample length, cross section and mass. 
Considering that for a material with low thermal conductivity the term e 4-Z-L is Very 
large and drives the tenn in brackets on the right to unity, the above equation can be 




(Cp -M -d 
2. p) 
Eq. 3.40 
where the new parameters d and P are respectively the diameter of the circular 
cross-section of the sample and the modulation period, which is a constant during a 
modulated DSC run. This value of the thermal conductivity has to be corrected for two 
different sources of discrepancies: the bias between the observed and the literature 
values of conductivity for a reference material (associated with the loss of heat through 
the open side of the thick specimen), and the presence of a purge gas. Therefore, 
preliminary tests are performed on a standard material (polyethylene) and a calibration 
constant is evaluated which may be used to correct these effects: 
kc,, 
I-const ý-- (ko . k)o" -k Eq. 3.41 
where kcal-const is the thennal. conductivity calibration constant, k. is the observed 
thermal conductivity of the reference material and k is the true thermal conductivity of 
the tested material. Certified polyethylene samples with nominal dimensions of 4 mm 
radius and 0.4 mm (thin)-3.2 mm (thick) thickness, were used as reference material. 
The standard kit was supplied by TA Instruments Ltd. Values obtained for the 
calibration constant kcal-const were averaged over three different tests and were found to 
be equal to 0.0162 WK-4 cm-1; which is not very different from the literature value of 
0.014 WK4 cm-1. 
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Applying this correction, the value of thermal conductivity for the sample can be 
stated as follows: 
2 k= 
[kunk-mat 
-2* kcal-const + 
(kunk-mat 
-4- 
kcal-const - kud-mat 0-5 Eq. 3.42 
where is the thermal conductivity of the measured unknown material. 
Pr9cess-induce"imensional vardinfluns 
3.9 Background 
In the present work, the effects of temperature changes on the resin volume and the 
evolution of the cure reaction were investigated in detail. Experiments were conducted 
in order to separate the two contributions by means of standard techniques as well as by 
the application of new liquid dilatometry equipment that has been developed and built at 
Cranfield University. Equations have been fitted to experimental results in order to 
produce analytical models capable of being encapsulated in the sub-model for the final 
simulation. 
In this section, the experimental techniques used to investigate the effects on neat 
resin volume of both temperature and of the degree of polymerisation, will be presented. 
Accurate descriptions will be also be given of the standard techniques used to find the 
coefficient of thermal expansion for the neat resin at different degrees of cure, and the 
liquid dilatometry technique used to monitor the evolution of volume during the cure 
reaction. 
It is very important to note that the two factors contributing to volume change 
(temperature and the polymerisation reaction) should be separated and their relative 
effects evaluated cxpcrimentally. Only by separating thcrinal and chemical 
contributions will it be possible to quantify the appropriate material parameters for the 
77 
modelling program. The cocfficicnt of thermal expansion and the coefficient of 
chemical shrinkage represent the fundamental paramctcrs required by commercial finite 
element software to adequately simulate processes that involve residual stresses. 
3.10 Thermo mechanical Analysis 
Thermomechanical Analysis (TMA) has been used to measure linear changes in the 
dimensions of different partially cured resin samples. All the measurements have been 
performed using a thermomechanical analyser TMA 2940 supplied by TA Instruments, 
which was fitted with a standard probe and standard sample stages. Before each set of 
experiments, the following calibrations were performed on the instrument, according to 
the TMA 2940 Operating Manual: 
temperature calibration of the chamber thermocouple 
force calibration: i. e. calibration of the applied static force acting on the sample 
during the test 
- probe calibration: i. e. calibration of the electronic linear gauge, which follows the 
displacement of the sample. 
The core unit for the TMA machine TA 2940 is a linear variable differential 
transformer (LVDT) (the standard probe), which gives an output proportional to the 
displacement caused by changes in the sample dimensions. An electromechanical coil to 
ensure contact between the probe and the specimen can also apply a small force; a 
temperature program for the prccise control of the low-mass furnace can also be 
implemented. A thermocouple, adjacent to the sample, provides accurate measurement 
of the sample temperature. The resulting outputs are plots of dimensional change for the 
specimen versus time, temperature or applied force. Thermomechanical analysis has 
been performed according to the principles stated in the final draft of ISOI 1359151. 
Using a high precision low speed saw, specimens with dimensions of 15 x3x3 mm 
were cut from partially cured resin plates. The glass transition temperatures of each 
plate and the level of conversion were also determined using differcntial scanning 
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calorimetry, according to the experimental proccdurc dcscribcd in the present chapter in 
section 4. 
A low heating rate value of 2K min-' was used in ramping up the temperature to an 
optimum value, to minimise temperature gradients during the test to accelerate each test 
the holding force on the specimen was chosen to be 0.002 N, which corresponds to the 
minimum value allowed by the machine. For each level of conversion, three individual 
samples were run; corresponding coefficients of thermal expansion were determined 
using TA Instruments TMA Standard Analysis Software. 
3.11 Dilatometry 
3.11.1 Introduction 
It should be noted that dilatometry of a reactive system is much more difficult than 
dilatometry of a non-reactive system. For example, for a non-rcactive system, 
temperature control is not a problem, but in a reactive system such as a thermosetting 
resin the heat of reaction must be dissipated quickly in order to avoid temperature 
spikes and to be sure that the temperature conditions during the experiment are 
reasonably stable and known. In some cases, dilatometry results are used to follow the 
evolution of the reaction. because the volume clýiange is inversely proportional to the 
conversion. For many other systems, this condition may not be true, in which case a 
different experimental technique is needed to determine the state of the material. 
Considering that the changes of volume are dependent on the level of polymerisation, 
four variables (p, T, V, a) have to be considered instead of three (p, T, V). Finally, for a 
reactive system, heating time, e. g. the time necessary to reach the isothermal condition, 
must be kept to a minimum to ensure that the initial volume change is due purely to 
temperature changes, and not affected by chemical shrinkage. 
Ideally, a dilatometer for a curing thennosetting rcsin should have the following 
characteristics to ensure reliable results: 
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stable temperature conditions 
minimum heating time 
ability to work at low and high temperatures and pressures 
capability of measuring accurately to a fraction of a percentage point 
ability to achieve repeatable results 
Literature reviews on dilatometry may be traced back to a 1894 text by Oswald' 52 but 
this topic is not very popular in the modem physical chemistry literature. Nowadays, 
most of the advanced techniques being researched and investigated within the scientific 
community are based mainly on embedded fibre optics. However, conventional 
dilatometry, suitably upgraded for the specific resin system, still remains a valid 
technique of analysis. 
Most of the dilatometers reported in the literature for work on reactive systems arc 
experimental constructions that are not commercially available. They are of two basic 
types: capillary type and plunger type. 
Capillaly Dilatometer 153,154,155,156 is a simple device with a design similar to a 
thermometer. The sample is contained in a bulb (or a similar kind of containing vessel), 
with a fluid (either the sample itself or a suitable liquid such as mercury or oil) filling a 
scaled capillary. Obviously, this method of dilatomctry is suitable only for use with 
slowly reacting systems at low conversion, when the viscosity of the resin is not very 
high. Using this type of dilatometer, the volume is monitored by following the level of 
the fluid in the capillary. 
A simple device of this kind has been used by Parry ct al. 157 to monitor the volume 
variations of Epon 828 resin (a low molecular weight bisphenol-A cpichlorohydrin) in 
reactions with various curing agents, such as dicthylenctriamine (DTA), 
triethylenetetramine (TETA), and mctaphenylenediamine (MPD. The results of this 
work lead to the following important conclusions: 
the total shrinkage values for resins cured with DTA and TETA differ 
significantly, although immediately after gelation. they arc essentially 
identical; 
different amines give different total volume shrinkages; 
differences in shrinkage occurring afler gelation are less mcasurable; 
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the shape of the shrinkagc/time curve diffcrs from one type of amine to 
another one. In studies of a single epoxy resin, the curve shape may offer 
important information about the type of curing agent used; 
Even though the results obtained by Parry are very useful in identifying the total 
chemical shrinkage and shape of the volume vs. time curves when different curing 
agents are used, two main problems can be outlined. According to the author, the 
amount of resin used was 20 ± 0.01 g for each test, which seems to be too much to 
ensure stable temperature conditions during the experiments. 
Moreover, because most thermosetting resins have very good adhesion to glass, 
stresses either developed internally in the resin or externally on the bulb can arise 
because of volume relative changes of the resin to the volume of the bulb. These 
stresses have the effect of perturbing the thermoset from equilibrium and initiating 
microvoids. In some cases, the stress-induced distortion of the bulb can lead to 
catastrophic failure of the bulb itselE An intcresting evaluation of design features for the 
mercury bulb dilatometer can be found in Snow ct al'58. In this case, the amount of resin 
used was about I gram, so that the exothermic heat released by the reaction was easily 
dissipated, ensuring a limited temperature spike during the isothermal dwell. 
Identification of appropriate glass surface treatment was also carried out, in order to 
eliminate, or drastically reduce, adhesion between resin and bulb. Several different 
kinds of release agent were tested. 
Plunzer Dilatometer 159,160 : the plunger type of dilatometcr uses a device similar to a 
syringe to prcssurise and contain the sample; in most cases an electric coil surrounding 
the chamber, or altcmatively by a temperature controlled bath heats the sample. The 
plunger of the syringe is generally monitored by a linear variable differential transducer 
(LVDT), which records the displacement of the plunger. Volume variations in the resin 
during the experiment are then evaluated knowing the actual cross-scction of the syringe 
corrected by the known thermal expansion from room temperature to the isothermal 
temperature of the test. 
81 
3.11.2 Cranfield dilatometer 
To measure the chemical shrinkage of the neat resin, a simple dilatometer has been 
designed and built at Cranfield by the author. The sample is housed in a glass containcr 
adequately pre-treated with Freekote 710 release agent in order to eliminate adhesion 
between the resin and the glass walls. 
Figure 3.5 shows two examples of the Pyrex glass holders used during these 
experiments, filled with uncured resin. The figure also shows one of the resin sampics 
after the test; it was easily removed from the glass container. 
After filling, the sample container is placed in a cylindrical copper holder with 
nominal dimensions of 25x9O mm. The copper holder is surrounded by two heating 
jackets, which ensure the appropriate temperature conditions for the cure reaction. The 
control thermocouple and a power circuit, controlling the heating jackets, are connected 











Fig. 3.5 Samples of uncured resin before the test and cured specimen removed from the glass container. 
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PART 1: High precision quartz 
cylinder -piston component. 
PART 2: External Copper I [older 
and screw-type bottom 
Resin Glass I lolder 
PART 4: Linear Variable Differential. 
Transducer and Instron port adapter 
The measuring thermocouples are interfaced with the computer via a Keithlcy 
DAS/TC board. A Visual Basic code provides communication with the Eurotherm 
controller, and can set the temperature profile measured by the control thermocouple; at 
the same time, it can acquire data from both the Eurotherm controller and the DAS/TC 
board. Figure 3.6 shows the main components of the dilatometer as they appear; while 
fig. 3.7 is a basic schematic diagram of the assembly. Two different thermocouples were 
used during each test: the control thermocouple for the feedback of the power circuit 
was positioned between the heating jacket and the copper tube; the temperature control 
thermocouple was positioned inside a 0.8 mm hole drilled through the wall of the 
coppertube. 
Prior to the measurement, the Pyrex. tube is filled with approximately 4-5 g of resin, 
and placed at the bottom of the copper tube, which is then filled with thick silicone oil. 
A lid, composed of a small cylinder tube, silicone wire and the quartz Netzsch cylinder, 
then closes off the assembly. The top component is an open cylinder which fits the open 
top side of the copper tube by means of an appropriate screw fillet guide; inside the 
neck of that cylinder is positioned a high precision quartz piston-cylinder system (see 
part I in fig. 3.6. ) adequately sealed off by silicone extending to the walls. 
The volume variations of the resin are monitored by following the displacement of 
the Netzsch piston using an electronic linear gauge (LVDT) directly connected by a 
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Fig. 3.6 Real components of dilatometer built in Cranfield by the author 
serial port to an Instron machine, which provides suitable excitation for the device and 
obtains the data through standard Instron data acquisition software. The same LVDT, in 
fact, is generally used to monitor precisely the displacement of the crosshead of the 
Instron machine during standard mechanical tests. 
Before each test, two different sets of preliminary experiments were carried out in 
order to check the real temperature conditions experienced by the uncured resin and 
possible leakages of the whole assembly. No leaks of the silicone oil were detected 





Uncured Resin Precision, 
cylind 
Fig. 3.7 Schematic diagram of the plunger type dilatometer assembly, built in Cranfield by the author 
The temperature check was performed using 10 different thermocouples positioned 
inside the assembly during the trial; in this case, the lid was not used. The temperature 
setting of the Eurotherm. controller was changed until the required temperature 
condition inside the resin was reached. The observed temperature lag between the 
temperatures set by the controller and the resin temperature was found to be 4K at 
140'C and 6.5 K on reaching 160'C. 
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3.11.3 National Physical Laboratory (NPL) Dilatometer 
In order to validate the measurements performed with the Cranfield dilatometcr, 
comparison tests of chemical shrinkage were performed using Prcssurc-Volumc- 
Temperature dilatometry equipment at the National Physical Laboratory in Tcddington, 
London. The NPL equipment is a plunger type ditatometer, derived from the 
commercially available GNOMIX Inc. PVT Apparatus, which can be briefly described 
as follows: 
Less than one gram of material is enclosed in a piezometric cell, which is a stainless 
steel container closed off by a flexible metal bellows and filled with mercury (Hg). This 
cell is then placed in a pressure vessel with silicone oil pressurised by a high-pressure 
pump. Since the cross-sectional area of the bellows is known, then from the deflection 
of the bellows monitored by an LVDT it is easily possible to evaluate the change in 
volume of the inner sample (Zoller technique). A drawback of this tcchniquc is that 
mercury, which is used as a confining fluid in the piezometric cell, is a toxic material 
and therefore must be handled and disposed of with care. Comprehensive reviews of the 
Zoller technique and speciflcation of the instrumentation assembly can be found in 
61,162,163,164 ree 
The SWO/NPL system is a direct measurement machine, where the sample, 
contained in a pressure cell, is heated during the test and then cooled to produce, at the 
end, a solid cylinder of the tested material, which is easily removed from the containing 
cylinder by applying a pressure to the top piston. Especially when thermosetting resins 
are tested, the walls of the containing cylinder have to be adequately treated with release 
agent (during our experiments silicone grease paste was used) to avoid adhesion of the 
resin system to the cylinder. Pressure (up to 2500 bar) is applied hydraulically to a 
piston at the top of the cell onto a PTFE disc (for temperatures up to 250"C), which is 
positioned between the end of the top piston and the resin. Hermetic scaling of the 
system cylinder-piston is assured by the swelling of the PTFE disc against the walls of 
the cylinder due to its compression between the resin and the upper piston itself. The 
machine operates between 25 T and 420 T. Temperature sensors are positioned 
axially in the top, middle and bottom of the cell wall to monitor the imposed thermal 
program. The cell diameter is accurately known and by measuring the displacement of 
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the piston using an electronic linear gauge, the volume of the sample is monitored. At 
the end of each experiment, by accurately weighing the sample between the seals, the 
specific volume is calculated. Corrections of the final signal arc made for the expansion 
and contraction of the system (including PTFE/Vespel seals) before the sample volume 
is calculated. Results from a PVT run can be very accurate, with little effect from 
dimensional variations associated with the material of the jigs. The equipment has a 
wide temperature range of testing; the possibility of pressurising the sample, and 
accurate temperature control. 
Mechanical Propert ps during_Cure 
3.12 Background 
There has been limited work reported in the literature on the development of 
viscoelastic mechanical properties in curing thermosets. Evolution of the mechanical 
properties with the increasing degree of cure is a very important effect to monitor. In 
order to provide an adequate mathematical model of the real phenomenologies, evolving 
during the manufacturing process, conversion dependent mechanical properties need to 
be evaluated". As the thermosetting resin cures, its material characteristics change the 
effective mechanical properties of the composite from the behaviour of a viscous liquid 
(low stiffness) in its uncured state to an essentially more elastic rigid solid (high 
stiffness) in its fully cured state. The relationship between investigated mechanical 
properties and the characteristic cure profile can be indicated as shown in fig. 3.8 
Three distinct stages of evolution can be identified. In region 1, the resin system is 
assumed to be fully uncured and considered a viscous fluid, therefore with negligible 
stiffness. Region II is the core of the curing transformation, where significant increases 
of the cross-link density are accompanied by a correspondent increase of the material 
stiffness. During this stage, also the volume shrinkage associated with the 




Fig. 3.8 Illustrative representation of the resin modulus during cure. From ret'65 
The mechanical properties of this resin phase are governed by competing 
mechanisms of chemical kinetics hardening and viscoelastic relaxation phenomena. 
Region III marks the end of the curing process, starting from the time of vitrification to 
the complete end of reaction. At elevated temperature and near the glass transition 
temperature, the system is characterised by a strongly viscoelastic behaviour with cure 
dependent relaxation times. When the temperature is lowered, the elastic behaviour is 
dominant, with no effect of relaxation apparent. 
Considering that temperature gradient inside the part and an associated degree of 
conversion gradient lead to a sort of complex "mapping" of the mechanical properties, 
suitable predictive models are necessarily required to achieve accurate residual stress 
analysis. Many efforts have been focused on the development of relationships between 
viscoelastic properties and specific polymer characteristics, such as molecular weight, 
166 167 molecular weight distribution, and degree of branching . White and Mather 
investigated the effect of cure on viscoclastic properties using ultrasonic techniques, 
while dielectric techniques have been used to characterize curing polymers'68 by 
relating ionic mobility to dynamic viscosity. Suzuki et al. presented relaxation data for 
epoxies cured according to various cure cycles'69. However, in this analysis, the cure 
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states of these samples were not deten-nined. Therefore, relationship between 
mechanical properties and cure evolution could not be properly explored. 
In work by Kim and Hahn 170 , the progression of the elastic modulus of thermoset 
resins has been reported to have a linear relationship with the degree of cure in the 
region of liquid-solid transformation. Outside this region two fixed values were 
assumed, respectively for the elastic modulus of uncured and fully cured system. White 
and Hahn 171,172 used a viscoelastic formulation to study warpage and residual stresses in 
unsymmetric composite laminates during the cure, assuming a time- and cure- 
dependent model to model transverse compliance. Yi et at 173 also included viscoelastic 
effects using a chemo-thermo-viscoelastic constitutive equation in their residual stress 
analysis of laminated plates. The key point in their analysis was the assumption that the 
mechanical properties were stepwise discontinuous at get point during the cure. 
Kim and, White reported a systematic analysis of the effect of cure state on the stress 
174,175 
relaxation modulus, the relaxation spectrum and the glass transition temperature 
In this work, neat resin specimens were manufactured at various post-gelation degrees 
of conversion and tested under stress relaxation mode at different temperatures. From 
the raw data, master curves and shift factors were derived applying the time-temperature 
superposition principle. The final model used to predict resin relaxation modulus at 
lower degree of cure was based on the Adams-Gibbs 176 formulation for the volume 
relaxation in glasses. 
Recently, Simon et al. 177 have presented an interesting research work on cure- 
dependent storage modulus for a commercial toughened epoxy resin. Giving a general 
methodology to model the time-temperaturc-convcrsion effects of viscoclastic response 
of thermosets, the predictions of the shear modulus for a general temperature history 
profile are presented. Based on the same time-cure superposition and extended to a 
more general concept of time-cure-tcmpcraturc superposition principles is the 
methodology presented by Manson et al. 178 used to predict the viscoclastic properties of 
an high ultimate glass transition temperature epoxy resin at any stage during complex 
cure cycles. 
While experimental data in all the above cited works are limited to the post-gclation 
region, in O'Brien ct al. 179 a complete understanding of the mechanism that drive the 
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development of material properties during the cure is presented by a series of 
experiments on the un-reacted or partially reacted liquid resin as well as on the post- 
gelled resin. The authors have used intcr-relationships between viscoclastic properties 
obtained by both dynamic and static experiments, depending on the handling state of the 
resin system, to evaluate one mechanical property from another one. Master curves for 
creep compliance and for storage and loss modulus were constructed and their shift 
factors analysed. 
3.13 Time-Temperature Superposition 
The quantitative application of the time-temperature superposition principle is one of 
the most important principles of polymer physics. Since this principle has been largely 
used to build the master curves of dynamic and static viscoelastic properties for the 
resin system under investigation in this work, it seem appropriate to introduce some 
basic concepts that are also important to understand the experimental procedure adopted 
to obtain the results reported in chapter 8 paragraph 8.2. 
Whether a viscoelastic polymer system behaves like an elastic solid or a viscous 
liquid depends on the relation between the time scale of the deformation to which it is 
subjected and the time required for the time-dependent mechanism to respond. Even 
though for a real system the single relaxation time function"O is not applicable, a 
characteristic relaxation time, r. . for any material, can always be defined as the time 
required by the system to achieve relaxation I-Q- e), or 63.2%, of its ultimate 
retarded elastic response to a step change. This value simply characterises the 
magnitude of the rate material's time-dependent response; short rp means rapid 
response while high -r P 
identifies a sluggish response. 
The Deborah number De is the dimensionless number given by the ratio of the 
single relaxation time and the characteristic time scale of the deformation applied, td : 
De ='rp td Eq. 3.43 
89 
Under a particular defonnation, a system will appear elastic if its Deborah number is 
high (De -> 1), while the same material will be considered more viscous like if its 
Deborah number is low (De -> 0) 
109. The time-tcmpcrature superposition principle is 
essentially based on the main hypothesis that the mechanical response of a polymer 
system at short times (or high frequency) is analogous to the behaviour at low 
temperature, and vice versa. 
This assumption can be better explained by considering the Deborah number, as an 
indicator of how a viscoclastic material will behave mechanically. Either a variation of 
the t,, (or co) or r, can change De. Since the polymer's characteristic time is a 
function of temperature, the higher is the temperature, the more thermal energy the 
chain segment possesses for all the levels of motions, then the more rapidly the system 
can respond to the deformation, lowering the value of r.. Changing Denumber, for 
example, either by halving t,, (or doubling co in a dynamic tests) or by lowering the 
temperature enough to double the single characteristic time -rP, will results in the same 
response of the system. 
The general validity of the principle leads to the possibility to satisfactorily acquire 
data of the investigated viscoelastic modulus within an acceptable experimental time 
scale at different temperatures, enabling very 'long' tests to be performed with 
minimum experimental effort. 
From the raw data, the correspondent master curve will be generated by choosing a 
reference set of data at specified temperature (T,,, f ) and shifting all the other data either 
to the right or the left side on a log time scale to fall upon the chosen reference data set. 
In figure 3.9 are showed raw data and correspondent master curve for creep compliance 
of an epoxy resin. The shifting direction is performed according to the sign of the 
temperature variation, using the concept of reduced time, ý, given by: 
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Fig. 3.9 Creep compliance master curve construction, cc= 1, T,, f = 30'C. (From O'Brien et A 
"0) 
Here aT is the shift factor function and t is the actual natural time. For a non- 
reactive polymer system, the shift factor will be function of temperature only; while in 
the case of thermosetting system, since the polymerisation reaction progresses, the shift 
factor will be also conversion dependent. Exact matching of the shapes of adjacent 
curves can be cited as one criterion for the applicability of reduced variables. Two 
others that should be applied to any experimental example when possible are: 
a) the same values of aTmust superimpose all the viscoclastic functions; 
b) the temperature dependence of a7. must have a reasonable forrn 
consistent with experience. 
The horizontal shift factors used to generate the master curve from the raw data are 
generally modelled with Williams-Landel-Ferry (WLF) equation 71 . This two-parameter 
model can be wfitten as follows: 
Log(aT 





where T and T,, are respectively the actual and reference temperature; C, andC2 
the two fitting parameters. 
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Fig. 3.10 Schematic diagrams illustrating the simplest form of time-temperature equivalence for 
compliance a) J(t) and b) loss factor tangent tan6 (from Ward"") 
In the specific application of the time-temperature superposition principle to a 
thermosetting system, if the glass transition temperature corresponding to the degree of 
cure of the tested sample is chosen as reference temperature then a bi-linear temperature 
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dependence is found over the whole temperature range invcstigatcd'82 (more details 
about the horizontaVvertical shift factor could be found in ref. 39). 
To fix the idea, consider the two curves in fig. 3.10, corresponding to the creep 
compliance and loss tangent at temperatures T, and T2- In the simplest scheme for time- 
temperature equivalence, namely for thermo-rheological simple system, the two creep 
compliances can be superimposed exactly by a horizontal shifting only, equal to loga, 
Once the master curve for the investigated material has been built then the value at each 
temperature could be found with appropriate shifting of the curve on the x-axis (see fig. 
3.10). 
Although the use of master curves (or reduced variables) was developed empirically 
in advance of the theories, which support it, it can be introduced as logical consequence 
of some of the relationships that can be established among the viscoelastic functions. 
From the theoretical point of view, the transition state or barrier theory represents the 
simplest theory, which attempts to deal with the temperature dependence of viscoclastic 
behaviour183. 
3.14 DMA sample preparation and quality check 
Preliminary attempts to cast shaped plates using RTM6 thermosetting resin (see 
section 3.0) has resulted very difficult (this resin system was used because previously 
studied by our group). Handling problem related with resin viscosity as well as 
excessive degree of cure gradient within the same sample were the major problems 
encountered. A schematic picture of the mould used in the preparation of the sample for 
the mechanical testing (with correspondent dimensions) is shown in Figure 3.11. A thin 
layer of PTFE/glass release film was stuck to each of the two glass platcs, using PTFE 
tape at each end. 
The use of PTFE enabled easier release of the samples from the mould. In some 
cases, also liquid release agent of the type FREEKOTE 700, normally used from 
Cranfield Manufacturing Aerospace Lab., was used to release the mould. Treatment 
with release agent or the use of film release agent also avoids cracks formation during 
the de-moulding of the partially cured material. The two metal bars were separated by a 
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spacer of either rubber or aluminium, in which a reservoir was cut off (see fig. 3.11 for 
nominal dimensions of the manufactured plate). The spacer was held in place using 
double side PTFE tape on one mould and then the two moulds were held together using 
metallic jig clamps. 
Fig. 3.11 Mould assembly for mechanical test samples (dimensions given for single resin plate) 
The resin was degassed at required temperature for 15-20 minutes, and was then 
poured into the reservoir in the spacer, attached to one side of the mould. The second 
half of the mould was placed on the top, the mould clamped together and then placed in 
upright position in -the vacuum oven at -required cure temperature. The vacuum 
condition generated during the cure will force air bubbles to come out of the resin bulk. 
This method will produce plates with large flat surface and only one side having 
meniscus due to the shrink of the system during the cure. The samples were then cut off 
from each plate using a low speed cutting machine; their ends and sides were also 
sandpapered to ensure they were parallel and of the right dimension. 
For DMA static and dynamic tests, the same dimensions were used (13 x 50 x 2.5 
mm). Five different plates of partially cured resin (dimension 200 x 400 x 2.5 mm) were 
prepared under isothermal conditions (1 80'C - 160"C ) for different periods, in order to 
achieve partially cure material. They were classified by labels A, B, C, D, E, with 
degree of conversion increasing from A to E. For sample labelled as E, full conversion 
was expected, based on the results of kinetics model. 
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Fig. 3.12 Schematic neat resin plate with location of DSC sample used for quality inspection 
Evaluation of the degree of conversion for each plate has been a fundamental issue, 
to assure an accurate analysis of mechanical properties of the reacting system during the 
whole curing process. DSC tests were performed on 10 different samples taken from the 
same rectangular plate, respectively from each of the two sides to evaluate through-the- 
thickness and on each side, from the four comers and from the middle position, to 
evaluate in-planc degree of conversion gradient. 
Fig. 3.12 reports a schematic representation of the specimens location on one side. 
All samples, of about 3-4 mg, were scanned by DSC from room temperature to 
340T at a heating rate of 10"C/min to evaluate both the residual heat of reaction and 
the glass transition temperature. These two values provide useful information for 
evaluating the degree of conversion for each specimen and therefore they can be used to 
quantify the level of uniformity of conversion reached by the whole plates. 
3.15 Mechanical Tests: experimental set up 
In this work, preliminary tests using torsional solid rheometry were employed in 
order to analyse from a qualitative prospective, the different behaviour of partially cured 
plates. The experimental procedure adopted for the mechanical characterization Of 
partially cured material has been performed using both dynamic and static conditions on 
partially cured solid samples, in order to verify later the validity of the master curves 
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and shift factor coefficients obtained. Analysis of the results and the theoretical 
assumptions used to build the master curve will be outlined in chapter 8 paragraph 8.2. 
Dynamic Torsional Rheometric Tests 
Rheometric test using a torsional clamp system for solid samples were performed on 
partially cured materials. Specimens were cut from the platcs aflcr the degrees of 
conversion were assessed, using a low speed saw wafcr machine. The cell mounted on 
the AR2000 rheometric equipment from TA Instrument is an Environmental Test 
Chamber (ETC) with thermal controlling system in the range -I 50"C to 600'C with 
maximum heating rate of 15*C/ min. All solid torsional tests were performed according 
to the specifications of ASTM D4065. 
3.15.2 Dynamic Three Point Bending Tests 
Dynamical mechanical tests using a TA Instruments DMA, type 2940, were 
performed on rectangular strips taken from each of the partially cured plate. A three- 
point bending test mode configuration was employed. Specimens of dimensions of 50 x 
12 x3 mm were cut from each plate and subjected to frequency sweep tests between 
0.01 Hz and 100 Hz at different isothermal temperatures. 
Each sample was equilibrated inside the DMA for about 5 minuteý before test 
segment starting at each temperature, to provide a uniform temperature distribution 
inside the material during the frequency sweep. A total of 22 step-and-hold segments 
(between 25 and 3201C) were considered in the machine program for all tests. However, 
since the partially cured resin had a glass transition temperature of 1040C for the least 
cured plate (A) and 18 1T for the almost totally cured plate (E), only data in the region 
25T to 2200C have been used to build the corresponding dynamic master curves. When 
the material starts to react further, the test results arc meaningless because of the 
changing degree of conversion. 
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3.15.3. Stress Relaxation Tests 
To analyse the viscoclastic behaviour in the post gelation region, stress relaxation 
experiments were performed. TA Instruments DMA, type 2940, set with three point 
bending setting clamps was used. In a simple stress relaxation experiment, the material 
specimen is subjected initially to a constant c(t) =, c(O+) and the time-dcpcndcnt stress 
response is observed. On the assumption of linear viscoclastic behaviour, a stress 
relaxation modulus, which is a function of time only, is defined as 
R(t) '7(t) 
-- 
(0- ý Eq. 3.46 
As for the dynamic tests, step-and-hold segments were performed at different 
temperatures up to the correspondent glass transition temperature. Two specimens were 
tested for each degree of conversion. After clamping, the specimens were equilibrated 
for 30 min at 301C and then deformed for 40 min. Stress relaxation data were captured 
during each segment using TA Universal Analysis Software. Afterwards, the 
temperature was increased 5 -15"C and the data acquisition triggered. Above the glass 
transition temperature the test was stopped because of the onset of the post cure 
reaction. 
Overview 
Experimental techniques and specific conditions used to measure cure-dependent 
thenno-mechanical material properties have been presented. Theoretical background 
along with references taken from the literature has been also reported. This chapter can 
be considered as necessary reference used for the next chapters, where experimental 
results and mathematical models for each of the investigated thermo-mcchanical 
properties will be presented. 
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Chapter Four 
Cure Kinetics: experimental results and analysis 
Introduction 
In this chapter, the results of thermal monitoring of the neat thermoset resin system 
will be presented. The formation of a three-dimensional network with the consequent 
transformations of the curing system (liquid-to-rubber-to-glass) is responsible for the 
evolution of all the thermo-chemo-mechanical properties of the thermosetting matrix. 
The total exothennic heat generated during the curing process is also governed by the 
curing reaction. Therefore, a mathematical cure kinetics model, which can accurately 
describe the evolution of the chemical reaction with time at different temperatures, is 
particularly important. 
Experimental data will be reported first. Cure kinetics model predictions, with and 
without diffusion controlled mechanisms, will be presented in the second part, together 
with a preliminary analysis based on standard theoretical methods. 
4.1 Experimental Results 
The DSC equipment employed for the cure kinetics monitoring was a TA 
Instruments DSC machine type 2920, fitted with an LNCA cooling system, which has a 
temperature range between -1. OOIC and 725'C. All the tests were conducted in an inert 
atmosphere of nitrogen. 
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4.1.1 Dynamic conditions 
The evolution of heat generated by the exothennic reaction of the investigated resin 
system (see section 3.0), under dynamic conditions, is presented in figs. 4.1 and 4.2. 
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Fig. 4.1 Normalised heat evolution vs. temperature for dynamic DSC experiments 
As the temperature increases, the reaction is activated and the reaction rate starts to 
increase. After passing through a maximum, the rate of the reaction reduces to zero at 
complete conversion. 
From a comparison of the different heating rates, it can be seen that the onset of the 
peak for each scan shifls to lower temperatures at lower heating rates. Thus, the 
progress of the reaction is shifted to the right (see fig. 4.1) as the heating rate increases. 
In addition, the reaction takes place over a narrower temperature range at higher heating 
rates. This phenomenon is mainly associated with the higher rate at which heat is 
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It has been shown 114 that at very low heating rates (below PC/ min), a second peak 
is observed in the evolution of the heat flux (see figs. 4.2 and 4.3). This peak has been 
attributed to the divitrification of the reacting system, which takes place when the scan 
temperature exceeds the glass transition temperature of the fully cured material. In the 
present case, the temperature changes are so fast that the material does not reach the 
conversion corresponding to vitrification, and no divitrification occurs. 
Figure 4.4 shows plots of reaction rate against degree of conversion for the complete 
range of heating rates considered. From these plots, it is clear that the highest value of 
reaction rate is achieved during the dynamic cure at 20'C/min, which means that 
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Fig. 4.4 Reaction rate vs. degree of cure for all dynamic DSC scans 
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It is reasonable to believe that the reaction progresses by the same mechanism before 
reaching the maximum value, whist a new mechanism appears to be active afterwards. 
This conclusion is based on the differences in the shapes of the curves before and after 
passing through the maximum. Further information can be obtained regarding the 
101 
reaction mechanism, if the reaction rate is normaliscd with respect to the maximum 
value reached during each corresponding run. 
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It is clear in fig. 4.5 that beyond 50% conversion, the evolution of the reaction rate is 
strongly dependent on the heating rate, since the differences between the nonnalised 
curves are accentuated. 
4.1.2 Isothermal conditions 
The reaction rate is mainly affected by two factors: curing temperature and 
conversion. As expected, at a given temperature the rate of polymerisation is seen to 
increase with conversion and then to pass through a maximum before reaching the end 
of the reaction. This bell shape is characteristic of isothermal heat flow curves and it is 
attributed to the existence of an autocatalytic mechanism of reaction (see fig. 4.6 and 
fig. 4.7). For all the temperatures considercd for the fitting analysis, the resin system 
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reaches vitrification; therefore, the reaction rate becomes very slow. Profiles of the 
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Fig. 4.8 Experimental conversion profiles at different isothenml temperatures 
The fractional conversions for the NOT and 2000C isothermal tests have been 
included for comparison of experimental results even though they have not been used 
for the fitting. As mentioned above, at these high temperatures the exothermic peak is 
almost completely hidden by the inevitable overshoot of the temperature ramp (see figs. 
4.6 , 4.7,4.8). For this reason, conversion profiles at this temperature cannot 
be reliably 
used for the fitting procedure. 
4.2 Analysis of Preliminary Results 
A single dynamic DSC curve already contains all the relevant information relating to 
the kinetic model and its parameters. Activation energy, prc-cxponcntial factor and 
order of reaction can easily be obtained by fitting the experimental results from a single 
dynamic DSC test to a suitable model from the literature. However, this information is 
generally insufficient to satisfactorily solve the problem of identifying an appropriate 
kinetic model' 84,185 that is also valid under different thermal conditions. 
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This comment was also made in a paper by Brown 186, who stated that it is not 
possible to determine the reaction type with statistical ccrtainty when the tcmpcrature 
program is linear. Criado et al. 187 gave a simulated example in which a single Tg curve, 
measured at a heating rate of 10"C/min, for which the reaction type is based on the two- 
dimensional nucleation reaction, can also be fittcd almost congruently both with a first- 
order decomposition reaction and a three-dimensional Jander's-typc diffusion model. 
This simply means that locally, i. e. for a single heating rate, several equivalent solutions 
exist and therefore, no statistically certain decision can be made about the reaction type 
involved. The above considerations inevitably lead to a search for different approaches 
in order to develop a valid kinetics model for the particular system under investigation. 
A series of non-isothermal measurements carried out at different heating rates leads 
to a data set, which shows the same conversion at a range of different temperatures. 
Based on these results, the following iso-conversion methods will be presented and 
discussed: 
Friedman Analysis 188,189 
Ozawa-Flynn-Wall (OFW) Analysis'901191 
The importance of these techniques lies in their ability to specify preliminary kinetic 
parameters without having to specify a particular model. Preliminary values of 
parameters can be used as starting points in the subsequent multivariate analysis, which 
will be presented later (see section 4.2 and 4.3). 
4.2.1 Friedman Analysis 
If the rate constant has an Arrhenius dependency on temperature, reaction rates 
during the polymerisation process can be written as; 
In a =InA- 
E+ Inf ýa) Eq. 4.1 ot 
dt 
a RT 
where A is the pre-exponential factor, E is the activation cnergy; R the universal 
gas constant; and T is the absolute temperature. Since the function f will be constant at 
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a spccific convcrsion, U, for any curing tempcraturc, thcn the construction of the "iso- 
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Fig. 4.9 Iso-conversion plots of neat resin for all dynamic DSC scans. Experimental data (symbols) and 
regression lines (solid lines) 
In fig. 4.9 the iso-conversion plots for the neat resin system are shown, along with 
corresponding regression lines. Considering a first-order reaction with f (a) = (I - a), 
from eq. 4.3.1 -1 an approximate value of In A can also be obtained, as; 
InA=ln a +-L+ln(I-Y) dt jj Rf 
Eq. 4.2 
The calculated values for the activation energy and the prc-cxponcntial factor 
through the entire cure are shown in fig. 4.11. 
It is clear that initially the activation energy remains constant up to almost 60% 
conversion, while beyond this point it increases sharply. The clear dependence on the 
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degree of conversion is an indication of a complex reaction path, while the greater slope 
of the experimental curves versus the iso-convcrsion lines in the range of 
I>1.19e-3 
T 
is a clear indication of an autocatalytic activated initial reaction. 
4.2.2 Ozawa-Flynn-Wall Analysis (OFW) 
Independently of each other, Ozawa, Flynn and Wall have developed a method for 
the determination of the activation energy, which incorporates several curves measured 
at different heating rates into the analysis. At constant heating rates the integration of 
eq. 3.4 a) leads to: 
da AT 
(-E) 
G(a) ff P) - dT Eq. 4.3 
o 7(-a) 
T. 
After the integration and taking logarithms this can be written: 
In G(a) = In 
(A-E)_ 
In + ln[P(z)] Eq. 4.4 R 





- dz Eq. 4.5 z --Go z 
where: 
-E Eq. 4.6 
RT 
Using the approximation given by Doyle: 
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ln[P(z)] = -5.3305 +1.52 -z Eq. 4.7 
Rearranging and transposing Eq. 4.7, we obtain: 
Infi = In 
E)_ ln[G(a)1-5.3305+1.052- 
E Eq. 4.8 
R RT 
From eq. 4.8 it is clear that, for a series of measurements with different licating rates 
and at a fixed degree of conversion, the graph In, 6 f where 
T is a specific 
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Fig. 4.10 Experimental data (symbols) and regression line (solid lines) from eq. 4.8 
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Since the slope is directly related to the activation energy, from each line it is 
possible to evaluate the apparent activation energy of the process at specific degrees of 
conversion. If the same activation energy is obtained for the various conversions, then it 
can be concluded that the process is a single-step reaction. 
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Figure 4.11 shows the Ozawa-Flynn-Wall analysis for the dynamic heating tests. If 
the activation energy changes with the degree of cure, this mean that a more complex 
reaction occurs during the cure, and in turn, no separation of variables is possible in the 
OFW analysis. 
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Fig. 4.11 Activation energy profile as obtained by Ozawa-Flynn-Wall and Friedman Theory 
In fig. 4.11, the activation energy and In A values arc shown for, the Friedman and 
Ozawa-Flynn-Wall analyses, as applied to a first-order reaction. In both cases, the 
activation energy shows a clear dependence on the degree of conversion in the range 0.7 
to 1, indicating the presence of a complex reaction path. 
For conversion lower than 0.7, the activation encrgy can be fairly considered 
constant, as its variation is within the range of uncertain of the experimental 
measurements. The deviation from the plateau is significant, starting from a conversion 
above 50%. This result is very comparable with the value previously obtained from fig. 
4.5, from which it is clear that above 48% of conversion a complex reaction mechanism 
occurs. 
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4.3 Mechanistic Approach without Diffusion Controlled Mechanism 
Empirical approaches as well as a mechanistic one arc based on the major 
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Fig. 4.12 Comparison between dynamic and isothermal reaction rate-conversion data for neat resin 
This assumption must hold under both dynamic and isothermal conditions for two 
important reasons: 
- in order to use an expression for the kinetic model which can be written as in eq. 
3.1; 
- in order to enable DSC to be used as a curc monitoring technique 
The validity of such an assumption can be verified by analysing the cffccts of the 
degree of conversion on the reaction rates under diffcrcnt thermal histories. In fig. 4.12, 
a comparison between reaction rate values measurcd at the same points of the 
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conversion temperature space, undcr both isothermal and dynamic conditions, is 
reportcd. 
4.3.1 Fitting analysis procedure 
In the previous paragraph, it has bccn shown that analysis of the experimental results 
using iso-conversion curves leads to an activation energy prortle that is strongly 
affected by the fractional conversion, especially above a specific conversion value (see 
fig. 4.11). Although, from the mathematical point of view, the iso-conversion analysis 
could be performed with a relatively small amount of effort, its results cannot be 
accepted. There are two reasons for this view: 
- Scientifically, a dependence of the activation energy upon the fractional 
conversion has no physical meaning. Even though the reaction is assumed to 
be a multi-step reaction, values for the activation energy of each reaction are 
expected to be constant at a given degree of cure. 
- Moreover, from an industrial point of view, where the interest could be simply in 
following the progress of the cure reaction during the manufacturing process, 
the results obtained are still not acceptable because of the failure to predict the 
experimental behaviour in tests under isothermal conditions. 
The fitting analysis, which has been perfornied in order to find a suitable kinetics 
model, will be presented in this paragraph, along with its predictions evaluated under 
the same experimental thermal profiles. Since the material is an epoxy rcsin-bascd 
system, phenomenological mathematical models, already used by others to describe the 
cure reaction of these particular systems, have been considered. 
For all the models, the generic reaction rate, k, has been assumed to obey an 
Arrhenius-type expression as follows: 
Ei ) ki =A exp -ýT Eq. 4.9 








T=kl(t-a)"'+k2 -a", (I -a)' t 
da 
= (k, + 
k2 
- a'). (I - a)" dt 
M3 no'order 
da 
=k. (I-a)" dt 
Table 4.1 Details of selected cure kinetic models 
A non-linear least square-fitting algorithm has been employed to determine kinetic 
parameters in a simultaneous analysis of all the measurements, under both dynamic and 
isothermal conditions. To perform the fitting analysis, a non-linear least squares routine 
from the Matlab R5.7 package has been used. The program took about 3000 iterations 
to achieve the best local minimum for the target function, once the initial searching 
point had been provided correctly. 
The program evaluates first the Bandara baseline for the dynamic raw data, and thcn 
the integration of the DSC signal for all the available experimental points; before the 
fitting procedure, it also allows the choice of the specific kinetic model among different 
functions. 
The particular Matlab function impl6mented, namely "rilsilcurvefit", uses a 
Levenberg-Marquardt-based algorithm for the non-lincar minimization of the least 
squares function. 
It will be argued in the last paragraph that, since the "nisqcurvefit" function provided 
by Matlab allows the entering of only a single value for each independent variable 
during the run, to achieve faster convergence the parameters' vectors have been 
normalised between 0 and 1. 
The target function of the algorithm, v, has been written as: 
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Fig. 4.13 Dependence of the correlation coefficient upon the number of iterations during the fitting 
procedure 
The set of parameters that minimiscd the sum of the squared differences between 
experimental reaction data and the predicted reaction rates was taken as the set of 
parameters estimated for the model. The inverse summation of the absolute values of 
the differences between each experimental value and the corresponding model 
prcdiction: 
exp - 
best bounc = I/ Yi 
(T, 
a, pA Eq. 4.11 
has been used to measure the buoyancy of each set of parameters. 
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4.3.2 Results 
Comparisons between experimental dynamic data and simulated values, 
assuming an nth order kinetics model, are reported respectively in figs 4.14 and 4.15 for 
the degree of conversion and the reaction rate profile. The set of kinetics parameters 
used for the prediction was obtained from the fitting of experimental tests under 
dynamic conditions and they are reported in Table. 4.2. 
Model - M2 
da 
=k . (I-a)"' +k2 - am a)"' dt 
Parameter A, A2 
I 
E, I Ee n, I n2 
IM 
BestValue 3.5E+05 3. OE+03 1 80.16 1 52.25 0.84-1-2.35 1 
Table 4.2 Kinetics parameters for Model M2 
The agreement between the experimental data and the predicted values for the model 
labelled M2 is very satisfactory in the case of dynamic measurements (see Fig. 4.14 and 
4.15) however, application of this model to isothermal cure was found to fail. 
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Fig. 4.14 Conversion profiles at different heating rates 
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A good fit can also be achieved for kinetic profiles acquired under different 
isothermal temperatures, as shown by a comparison between experimental data and 
fitting results for the reaction rates, in fig. 4.16. The model used was a simple 1ý h order 
reaction model (model labelled M3) with the values for the related parameters reported 
in Table 4.3. 
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Fig. 4.15 Reaction Rate vs. Temperature for Dynamic DSC Scans. 
Model - M3 
da 
=k. (I-a)" dt 
Parameter AEn 
Best Value 3.9E+04 61.9 -0-. 59--1 
Table 4.3 Parameters for Model M3 
The marked deviations of the model from the experimental data for the conversion 
profile (see figs 4.17 and 4.18) during the final stages of reaction arc a clear proof of the 
limits imposed on the reaction by diffusion associated with network formation. Models 



























Fig. 4.17 Isothernial conversion profiles and fitting curves 
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Assuming an Arrhenius-typc expression for the reaction rate constant is equivalent to 
considering the reaction as being driven only by the temperature and chemical reactivity 
of the system's constituents. 
When the reaction temperature is close to or lower than the actual glass transition 
temperature, then a transition occurs in the material from either a viscous liquid or an 
elastic gel to a vitreous solid. During this stage, called the vitrification process, rcacting 
groups are stcrically hindered and the reaction rate becomes very slow because the 
effective rate of collision of the species drastically decreases. At this stage, crosslinking 
during the reaction is controlled not only by chemical kinetics, but also by segmental 
diffusion effects. 192 Therefore, in order to model the diffusion phenomena, a suitable 
structural parameter has to be introduced into the kinetics model. Although a good filt 
can be achieved for the conversion profile under dynamic and isothermal conditions 
(using M2 and M3 respectively), the optimum set of parameters for the speciflc model 
is required to show good agreement not only at different heating rates, but also for 
experimental values obtained at different isothermal temperatures' 93 . 
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Fig. 4.18 Reaction rate vs. degree of cure for the lowest isothermal temperatures analysed 
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4.4 Mechanistic Approach to Diffusion Controlled Mechanism 
All DSC experiments under both dynamic and isothermal conditions have been used 
for the fitting procedure in order to find a single set of kinetics parameters suitable for 
predicting the results of both dynamic and isothermal tests. High performance hybrid 
programming algorithms have been used for the fitting, since the number of parameters 
for the kinetic model was of the around ten, and the ranges of variation for each of them 
were very wide. 
in the following paragraphs, the results of glass transition temperature monitoring 
during the entire curing reaction will be presented, along with predictions of 
implemented models. The Tg model will be encapsulated in the kinetics model in order 
to account for the diffusion-controlled mechanism according to the Rabinowich theory 
presented in section 3.1.3. 
4.4.1 Glass Transition Temperature: experimental results and modelling 
According to the experimental procedure presented in paragraph 3.3.2, the glass 
transition of the neat resin system has been monitored during the entire curing reaction. 
The applied single parameter DiBenedetto model has shown excellent agreement 
, with experimental data. 
Figure 4.19 shows values for degree of conversion obtained from residual heats of 
reaction for samples cured isothermally at 160"C and 140"C along with correspondent 
conversion profiles. The same samples were previously tested (using DSC) to obtain the 
glass transition values 
The best fitting of glass transition temperature vs. conversion, for fully cured and 
partially cured samples, has a value for A of 0.66 (fig. 4.20). This value agrees with the 
values obtained by other for similar epoxy systems or polyesters. Figures 4.21 reports 
the glass transition profiles at isothermal temperature of 160'C and 140'C, as obtained 




























Fig. 4.20 Glass transition model and experimental results 
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Fig. 4.21 Model prediction of glass transition temperature at NOT and 160"C 
4.4.2 Genetic Algorithm: background 
Genetic Algorithms belong to a wider family of new programming algorithm 
techniques, which have been applied recently to solve the complex problems of 
optimisation in the area of industrial engineering. A Genetic Algorithm can be defined 
as a diiect random search prodedure. 
There are currently three main avenues for these techniques: 
o Genetic Algorithms (GA) 
o Evolutionary Programming (EV) 
o Evolutionary Strategies (ESs) 
Goldberg 194 described the first form of genetic algorithm in 1971. Imitating the 
natural rules of evolution in living beings, these algorithms are very suitable for solving 
hard optimisation problems like scheduling and sequences, reliability design, vehicle 
routing, group layout transportation and many others. 
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The main differences between GA and conventional search techniques can be 
summarised, according to the author, in the following points: 
m GA works with a coding of the solution set and not with the solution values 
themselves 
" The searching is done from the population not from a single value 
" GA provides information regarding the fitness function, not derivatives or other 
auxiliary knowledge 
" GA uses probabilistic rules, not deterministic rules. 
For the present work, the main advantage of using these modem optimisation 
techniques is that genetic algorithms are very suitable for localising the region where an 
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Flow chart for Genetic Algorithm 
Fig. 4.22 Flow chart for the implemented Genetic Algorithm 
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Considering the large range of variation of the kinetics parameters, it becomes very 
difficult to initiate the non-linear squarc-fitting algorithm from a guessed initial point. 
Suitable techniques arc provided by the direct search Genetic Algorithm. 
Figure 4.22 shows a schematic representation for a simple form of genetic algorithm. 
The idea is to use a hybrid algorithm based on GA first and then apply the non-lincar 
least squares method, assuming as an initial point for the non-linear analYsis the best 
solution coming from the previous GA run. Adopting this technique, it is necessary only 
to provide a population of possible good candidates, which can be chosen easily from 
the literature. 
4.4.3 Kinetics Model Results 
Using the kinetics model summariscd in Table 4.4 and the parameter values reported 
in Table 4.5, it has been found that reasonable ageement between model and 
experiments can be achieved for both dynamic and isothermal kinetics data. 
da 
=k, -(I-a)"' +k2 - a- - a)"2 dt n 
th 
order - atitocatalytic 
) 




li ýjT _(T, + kd(a, T, ) Eq. 3.18 
kd(T) = 
kdo 
-exp - ') Eq. 3.20 7 
f=4.8.10' - 
[T, 
- Tg (a)]+ 2.5 - 10-' Eq. 3.22 
(a) = 
(1-a). Tgo +A. a. Tg. T Eq. 3.35 . (1-a)+A. a 
Tab. 4.4 Summary of kinetics model used for the fitting of both dynamic and isothermal kinetics data 
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Al A2 Ad Eld E2d Ed 
n, 112 in b 
00) (s, l) (S'l ) (kJ/mol) (kJ/mol) (kJ/mol) 
2.11 E+05 1.72E+03 2.6OE23 78.9 50.25 126.0 0.81 2.36 0.58 0.3 
Tab. 4.5 Final cure kinetics model parameters, incorporating diffusion controlled mechanism. 
The same kinetics model has been adopted to predict the reaction rate and the degree 
of conversion curves in both cases, dynamic and isothermal. Figures 4.22, and 4.23 
respectively show experimental data and model predictions for reaction rate and 
conversion under dynamic cure conditions. In the case of the 150 C/min, experiment the 
model shows an overestimation over the experimental data, while at 1011C/min the 
predictions are more conservative. 
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Fig. 4.23 Dynamic reaction rate vs. temperature. Experimental data (symbols) and model predictions 
(solid lines) 
The good agreement between the kinetics model and the experimental results can be 
appreciated also by plotting the reaction rate vs. degree of conversion as reported in fig. 
4.24 for dynamic conditions. 
123 
1-00 20 Tmin -Exp 
15 *Cmin -Exp 
a 0.80 - A 10 *Cmin -Exp 0 
12 
> O 
o 7.5 "Cmin - Exp 
C 0.6 0- 0 a5 *Cmin -Exp 0 
4- 
0 2 Tmin - Exp 
(1) 0.40- o1 *Cmin -Exp 
0 Fitting 
0.20 
0.00 19 di%AM*üffl 
40 110 180 250 320 
Temperature (*C) 
Fig. 4.24 Dynamic conversion profile. Experimental data (symbols) and model predictions (solid lines) 
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Fig. 4.27 Isothermal reaction rate vs. time. Experimental data (symbols) and model predictions (solid 
lines) 
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Fig. 4.28 Isothemial reaction rate vs. conversion 
Using the same set of parameters, the kinetics model was employed to predict the 
curing behaviour under isothermal conditions for the same temperature values used for 
the DSC measurements. In figures, 4.26 and 4.27 are respectively shown the 
comparison between the predictions of the model and experimental determinated values 
of reaction rate and degree of conversion. The kinetics model predicts very satisfactory 
the curing reaction for considered resin system. 
When the mechanism of reaction is almost totally diffusion controlled the reaction is 
expected to stop for value of degree of cure before the system is fully cued. Figure 4.28, 
reports the good agreement of the kinetics model prediction and the experimentally 
determined values for the reaction rate under isothermal conditions. For different 
isothermal temperatures the reaction rate goes to a zero value before the material is fully 




The polyinerisation reaction of the ncat rcsin system has been monitored using 
thermal analysis, under both dynamic and isothermal conditions. Experimental proriles 
for degree of conversion and reaction rate vs. time and temperature have also been 
reported. Preliminary analysis (Friedman and OFW) has demonstrated that a complex 
mechanisms occurs above 50% of reaction; moreover isothermal results show that a 
diffusion controlled mechanism operates during the latter stage of the reaction, since the 
reaction rate at certain temperatures tends almost to zero on reaching a plateau value. 
Adopting a mechanistic approach and some expressions for the cure kinetics taken from 
the literature, the experimental data appear to be best fitted by two different expressions. 
A single set of parameters has been found by means of a combined direct search 
technique (Genetic Algorithm) and standard non-linear fit least squares procedure 
(Levenberg-Marquardt-based algorithm) using a mechanistic kinetics model which also 
makes it possible to model diffusion controlled mechanisms during the latter stages of 
the polymerisation reaction. The glass transition temperature has been also monitored 
during the curc; an analytical model (one-parametcr DiBcncdctto model) has been 
employed as required by the Rabinowitch model. Good agreements between 
experimental data and predictions from the kinetics model have been achieved for both 
the conversion and the reaction rates. 
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Chapter Five 
Gelation and Vitrification 
Introduction 
In this chapter, the times to gelation and vitrification of the ncat resin system will be 
discussed. The results of rheoractric tests at different isothermal temperatures and at low 
rates of heating will be presented, along with direct comparisons with the predictions of 
the cure kinetics models. Vitrification times will be deduced from the spccific heat 
capacity measurements made under isothermal cure conditions (see chapter 3 for 
experimental details). 
5.1 Gelation Results 
Using the experimental set-up and measurement methodology illustrated in section 
3.6.1, rheological measurements have been carried out on the neat resin system at 
isothermal temperatures and low heating rates. The values of the conversion at the 'gel 
point' for all the investigated isothennal temperatures are reported in table 5.1. 
T ýC) (min) aget 
100 427 ±15 0.63 ±. 04 
120 205 ±10 0.65 ±. 02 
130 123 ±7 0.65 ±. 02 
140 91±3 0.63±. Ol 
150 56±2 0.64±. 02 
160 41±2 0.63 ±. 02 
170 29±5 0.65 ±-05 
Tab. 5.1 Results of the rheological tests perfonned at different isothennal temperatures 
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Fig. 5.2 Loss and storage modulus obtained from an isothermal oscillatory rheological test at 160T 
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The resin is expected to have gelled after about 91 minutes at 1400C and the 
corresponding fractional conversion, as calculated using the kinetic model, is 0.64 (see 
fig. 5.1). The equivalent values for cure at 120'C are 205 minutes and 0.65 as shown in 
fig. 5.2. The average value of the degree of conversion has been taken as the value for 
the conversion at gelation. For higher temperatures, the time required to reach the gel 
point is, as one would expect, shorter because of the higher rate of the polymcrisation 
reaction. Since the Bohlin rhcometer does not allow a generic temperature profile to be 
set, different rheomctric tests were performed on the same samplc. The aim of these 
measurements was to verify the rhcological properties of the partially cured resin during 
a complex temperature profile, comparing the behaviour of loss modulus and storage 
modulus with the kinetics data and the model presented in the previous chapter. In three 
consecutive tests, the following temperature profile was employed: 










ramp at IK mirf-1 from 160T to 80T 
















Fig. 5.3 Temperature and degree of conversion profile followed by the resin system during the 
consecutive "complex" rheological tests 
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The cross star symbol located on the degree of conversion curve in Fig. 5.3 
represents the degree of cure reached by the sample at the end of the first isothermal 
dwell test. At a conversion of 69%, the corresponding glass transition temperature 
would be about 1071C, which is still below the actual curing temperature. For this 
reason, it can be stated that the sample has gelled during the first intcn-ncdiate test but 
has not yet vitrified. During the second intermediate test, i. e. during the cooling section 
of the temperature profile in fig. 5.4, the viscosity of the system rises because of the 
inherent dcrisification of the material passing through its glass transition region. At 
temperatures below its glass transition, the viscosity reaches its maximum value; the 
material, now in its glassy state, exhibits a plateau region of behaviour. This plateau 
zone can represent either the value for each modulus in its glassy state or the limits 
reached by the measuring equipment. 
In the third stage of the thermal profile, as the temperature approaches the actual 
glass transition temperature of the system (T>107'C), there is a sharp drop in the 
storage modulus (and a consequent increase in the loss modulus). This sudden decrease 
is mainly due to the transition of the system from its glassy state to its rubber-gel state; 
narrow vertical areas of shading have been used in fig. 5.4 to highlight this behaviour. 
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Because of the novelty of the system, no previous publications can be found 
regarding the time of gelation (and also vitrification) for the investigated system. The 
only possible comparison can be made with measurements made by the supplying 
company. Figure 5.5 shows the results obtained in rhcometric tests performed by the 
supplier (details about the experimental procedure have not been given) along with the 
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Fig. 5.5 Comparison of gel time with supplier's results 
The rate equation for the gelation process can be exprcsscd'93 as: 
dX 
_ k'. X dt 
Eq. 5.1 
where X is the concentration of reactive groups, t is the time and k "is an apparent 
kinetic rate constant. At gelation, the concentration of reactants is a constant 196 9 
therefore integrating both sides of the equation, from to to the gel time t,,,, leads to the 
following equation: 
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I 
tg, l = const -7 k, 
Eq. 5.2 
Expressing k' as a function of the temperature according to the Arrhenius 
relationship, the f inal equation reached is: 







equal to 61.4 (kJ I mol) and constg., having a value of -13.42. The R 
value for the apparent activation energy is in agreement with those reported by 
Montserrat et al'97 , Zukas 
198 and Fava'99. Figure 5.6 shows the relationship between the 
Intg,, and T-' for all the investigated temperatures. Good agreement has been found 








Fig. 5.6 Natural logarithm of gelation and vitrification of timcs vs. invcrse of tempcraturc 
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5.2 Vitrification Results 
Vitrification involves the physical transformation of the system from its rubbery to 
its more dense and solid glassy state (see section 3.4). It is generally accepted that this 
phenomenon is activated when the curing temperature of the material, T,, reaches its 
actual glass transition temperature, Tg. Therefore, a correlation between the kinetics 
data and the Tg model can be used to determine vitrification times. Work conducted by 
Reading'00 and by Van Melc et al'o' has demonstrated that the vitrification time of a 
neat resin system is associated with a change in the specific heat capacity. This is also 
consistent with the measurements made by Richardson and Savi 11202 using a DSC to 
monitor the specific heat capacity during the curing process. It has been observed that 
the specific heat of the reacting system undergoes an abrupt change when such a 
transition is approached. By means of the new MDSC apparatus and applying the 
experimental conditions reported in section 3.2, the specific heat capacity has been 
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Fig. 5.7 Glass transition temperature and specific heat capacity during isothermal cure 
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Figure 5.7 shows the spcciric heat capacity of the system for two temperatures, along 
with the experimental and model predictions for the glass transition temperature. 
From the glass transition temperature profiles, vitrification times can be deduced. 
During isothermal cure at 140T, the temperature of the system reaches the actual glass 
transition temperature after about 185 min. Analysing the specific hcat capacity curve 
for the same temperature, it appears that this property starts to decrease at the same 
time, following a very wide transition step in the range 185 - 600 min. The same results 
are found from an analysis of the profiles corresponding to a cure temperature of 160T. 
If the times of vitrification can be deduced from the specific heat capacity profilcs at 
isothermal temperature, then the conversions at vitrification can also be determined by 
direct comparison with the isothermal kinetics profiles (fig. 5.8). 
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Fig. 5.8 Direct comparison between spccif ic heat capacity and degree of conversion prof He for different 
isothermal temperatures 
The observed correlation between the time required to reach vitrification point and 
the corresponding degree of conversion can be modcllcd using an exponential 
cquation'03 . 
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A log plot of the vitrification time as a function of the inverse of absolute curing 
temperature is given in fig. 5.6, along with some data obtained for the gelation times. 
In t, i, : -- constv. t + 
Evit 
Eq. 5.4 
where Ej, is an energy barrier, while R and constj, are respectively the universal 
gas constant and a constant valuc. Rcsults from the fitting indicatc that the apparcrit 
energy barrier 
Evit 
is equal to 31.9W mot-' and constvit is equal to -5.9. R 
Overview 
Rheological tests and MDSC scans have been performed in order to detcnnine times 
of gelation and vitrification respectively. Comparison between or results and the 
supplier's data have been found very similar. For the evaluated gclation times, good 
agreement has been found between rheological tests at different isothermal 
temperatures, showing that the conversion at the gel point is almost constant. An 
exponential function was used to relate gelation times to the inverse of absolute 
temperature. Specific heat capcity measurements were used to evaluate times of 
vitrification, assuming a direct correlation between the time position in the change in 
the thermal property and the vitrification point. A comparison was made with glass 
transition temperature profiles in order to ensure the validity of this assumption. 
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Chapter Six 
Construction of Thermal Properties Sub-models 
Introduction 
It is extremely important to measure accurately the thermal properties of the 
composite constituents, in order to assess the validity of models and simulation analysis. 
The results of a study on the heat capacity and thermal conductivity of the ncat resin 
will be presented and discussed in this chapter. The theoretical basis of the experimental 
techniques used and the implementation of these sub-modcls in the form of subroutines 
will c outlined. 
6.1 Heat Capacity 
6.1.1 Experimental results 
The heat capacity of the uncurcd resin at the initial temperature of the thurnal. 
pýofile (T = 80'C) is 1.89 ± 0.2 J K-1 g-1. It can be observed that the specific heat 
capacity undergoes a broad transition corresponding to an extended vitrification over a 
period of time, depending on the isothermal temperature (see fig. 6.1). The vitrification 
point has been chosen as the onset point of the step in specific heat capacity. 
Comparison with the data obtained for an unmodified epoxy resin (RTM6) has 
demonstrated that this thermosetting system undergoes a vitrification process, which is 
114 much slower, showing therefore a wider step at transition 
For the resin considered in this work, therefore, this effect could be attributed to 
the presence of the thermoplastic within the thermosetting system. However, dccper 
investigation at micro level phase formation is required for a full explanation of this 
behaviour. A three-dimensional surface of specific heat capacity as a function of 
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Fig. 6.2 3D representation of specific heat capacity as function of degree of conversion and cure 
temperature 
Specific heat capacity has been evaluated by a linear interpolation algorithm 
performing a double interpolation, on the isothermal kinetics data as well as on the heat 
capacity results at the same temperature. It is clear from the figure that, at each 
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temperature, the specific heat capacity tends to a different constant value after 
vitrification. 
6.1.2 Sub-model Algorithm 
In order to evaluate the heat capacity of the resin during the thermal simulation, 
an interpolation algorithm has been implemented. In this paragraph, a simulation to 
evaluate specific heat capacity for the ncat resin system based on a simple temperature 
profile will be presented. Input temperature profile for the algorithm will be as follows: 
- initial temperature 353K, 
- ramp to 413K at 2.5 K min-1, 
- isothermal dwell at 413K for 200 min, 
- ramp to 433"C at 2K min7l, 
- and isothermal dwell at 433K for 150min 
The corresponding degree of conversion profile can be obtained from the 
kinetics model presented in Chapter 4 (see Fig. 6.3). At this point, a unique value of the 
specific heat capacity can be calculated for each vector, (T, a), interpolating linearly 
the experimental data of specific heat capacity in the T and a phase space, as reported 
in fig. 6.4. The interpolation algorithm operates in three different stages: 
-- first of all, the cure kinetics model for the resin is employed along with the input 
temperature profile to evaluate the corresponding degree of conversion. 
- then, a CP(T, a) master surface is obtained by a double interpolation of the 
isothennal kinetics data a(t, T) and the MDSC data C, (t, T). The postscript 
temperature indicates that the same isothermal temperature has been used during 
both tests. 
finally, for each vcctor-variable (T, a), linear interpolation of the nearest points 
belonging to the CP (T, a) surface is evaluated and the corresponding CP (T, a) 
is evaluated. 












Fig. 6.3 Conversion profile for the neat resin in relation to the temperature profile 
0 


















0.6 0.4' /- 120 
Degree of Conversion 
0.2 0 





100 200 300 
Time (min) 
INPUT: 
Temperature Profile, T(t) 
Isothermal DSC Data: 
a(t, T) 
Isothcrmal Cp data: 
Cp Q, T) 
Kinetics Model 
(t, T, a) 
Matlab Interpolation Routine: Cp (T, 
c, p 
(T, a) 
Fig. 6.5 Logical sequence of the sub-model algorithm implemented for the specific heat capacity 
interpolation 
6.2 Thermal Conductivity 
6.2.1 Experimental Results 
Thermal conductivity measurements have been made using the procedure 
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suggested by the equipment company supplier, namely TA Instruments. This protocol 
has been proposed as new technique for thermal conductivity measurements based on 
ASTM standard E1952-98 205. Using this technique, only values for the then-nal 
, 206 conductivity above the vitrification temperature can be obtained . In fact, 
for 
temperatures above the glass transition, two main problems will certainly arise: 
the required solid and rigid form of the samples cannot be maintained 
the level of conversion for the partially cured sample changes as a result of 
the post-cure reaction. 
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Since the tests performed on the partially cured samples using MDSC cannot 
supply suitable information for the value of the property when the material is in the 
rubbery state, a literature model has been adopted for the interpolation algorithm. The 
model for the thermal conductivity in the rubber region has been taken from Skordos's 
PhD thesis 113 , making the assumption that the variations in properties for the RTM6 
epoxy resin system are not dissimilar from those of the present system, since both are 
based on epoxy resin. Therefore, the model for the thermal conductivity for the rubber 
region can be stated as follows: 
k,., b(a, T) = 
(8. OE - 4). T- a2 - 
(I. IE - 3). T-a- 
(2. OE - 4). T 
-(9.37E-2). a2 +0.22a+0.12 Eq. 6.1 
Figure 6.6 shows the thermal conductivity values obtained from MDSC tests 
using partially cured samples taken from neat resin plates (for more details about the 
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Fig. 6.6 Thernial conductivity test results using MDSC TA procedure 
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It should be noted that, since at T>T, the specimens are no longer suitable for 
this kind of investigation, experimental points for these temperatures have been 
excluded. Multivariable regression has been perfon-ncd on the set of data presented in 
fig. 6.6, using a linear fitting model, as follows: 
k(a, T)=sl(a). T+in(a) Eq. 6.2 
The values obtained for slope and intercept at each degree of conversion have 
also been linearly fitted, as shown in fig. 6.7. The final model for the thennal 
conductivity of the neat resin in the phase space of degree of cure and temperature, in 
the glassy region can be stated as follows: 
k(a, T) = (7.96E - 4). a+ (1.08E -I -)T + 
(1.45E 
- 1) -a-T+ 
(- 1.373E - 3) Eq. 6.3 
Future work will focus on the application of the MDSC technique to measure 
thermal conductivity using uncured resin specimens encapsulated in appropriately 
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These tests will be conducted together with the DSC supplier company (TA 
Instruments), which has shown a strong interest in these kinds of new methodologies. 
Overview 
The specific heat capacity and thermal conductivity of the ncat resin system 
have been studied using basic thermal analysis procedures. Experimental results have 
been reported on the assumption that during the curing process both thermal properties 
are functions only of two state variables: degree of curc and temperature. For the 
thermal conductivity, results were obtained only below the glass transition temperature, 
owing to the limiting specification of sample required by the procedure. For 
temperatures above Tg an existing model developed by Skordos 113 has been adopted. 
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Cha r Seven 
Process-Induced Dimensional Variations 
Introduction 
This chapter presents the phenomenology of volume variations in the neat resin 
matrix during the manufacturing process of corresponding composite materials. 
Experimental results obtained using different analytical techniques will be presented 
and discussed. Mathematical modelling of the results obtained will also be illustrated, in 
order to establish suitable parameters, which will be used later to build the resin volume 
sub-model for finite element simulation. 
7.1 Thermal Mechanical Analysis: experimental results 
7.1.1 Glassy Coefficient of Thermal Expansion 
For a partially cured thennosetting resin, a post-cure reaction is expected when 
the actual temperature rises above the corresponding glass transition temperature, 
Tglass 
* 
Above this temperature, the chemical shrinkage effect due to post-cure reactions is 
superimposed upon thermal expansion207 . For this reason, thennomechanical analysis 
is 
a suitable technique for measuring the coefficient of thermal expansion (CTE) of the 
partially cured sample only within the glassy region (T < T,,,,,,, ), whilst for a fully cured 
sample useful information can also be obtained for the CTE in the rubbery region. 
All the available specimens have been grouped and labelled in order to verify the 
degree of conversion: label A is associated with the least cured samples, while label E 
corresponds to the almost fully cured ones (see Table 7.1). 
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Figure 7.1 shows TMA curves for partially cured samples, type A, B, C, E. In the 
case of sample A, when the resin approaches the glass transition region (I I O'C ) it 
soflcns and the measured linear dimensional change drops due to the static holding 
force applied by the probe to the specimen during the test. The following important 
information can be extracted from these curves (see fig. 7.1): 
for each sample, glass transition temperatures, measured as changes in the rate at 
which linear dimensions vary with temperature, are higher in comparison with 
glass transition temperatures measured using DSC. Accordingly, this 
discrepancy'08 is associated with the finite dimensions of the TMA sample, which 
inevitably introduces an upward shift in the measured glass transition 
tcmperaturc. For samplc E, TTmA- T 
DSC + 100C. 
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For partially cured samples, the measured values for the glass transition 
temperature agree well with the values obtained from calorimetric runs on 
specimens extracted from the same plate. 
Above the glass transition temperature, the resin starts to post-cure. Considering 
the TMA curves of partially cured samples, it is clear that below the glass 
transition temperature the volume expansion is due only to the increase in the 
temperature;. above this point the residual reaction is activated and therefore there 
is a contribution to the volume in the opposite direction as a result of the chemical 
shrinkage associated with the post-cure reaction. Second inflections shown by the 
curves are therefore associated with the simultaneous effects of temperature 
(normal thermal expansion) and chemical reaction (cure shrinkage). For samples 
with a higher conversion, there is a less pronounced second step observed because 
the extent of the post cure reaction is reduced. 
The second inflection is shifted to higher temperatures for more highly cured 
samples. This can be explained by noting that the post cure reaction is activated at 
higher temperatures in resins with higher degrees of cure. 
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Sample E, which can reasonably be considered fully cured, shows no traces of a 
post-cure reaction. 
To verify that the characteristic inflections shown by the thcrmomechanical 
curves for the partially cured samples are respectively due to the glass transition and the 
simultaneous effects of temperature and post cure reaction, it seems appropriate to 
compare DSC and TMA curv cs for the same sample (see fig. 7.2). 
Above the glass transition the material starts to undergo post-cure reactions, so 
that the linear thermal expansion is attenuated by the contemporaneous chemical 
shrinkage effect until the post-cure reaction is completed. At the end of the post-curc 
reaction, the now fully cured system expands only because of temperature changes. 
Penetration of the probe into the top of the resin specimens cannot be excluded. This 
further condition will be limiting for any further possible analysis of the curves at 













Fig. 7.1 Thermornechanical. curve of data obtained for partially cured samples 
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Fig. 7.2a Therniornechanical, and thermal analysis curves for neat resin sample A 
The same phenomenon is showed by the comparison of the TMA curve and the 
results obtained by solid rheometry, as reported in fig. 7.2b for sample labelled A. 
It has been verified that the step shown by the TMA curve at the glass transition 
is reduced if the applied force is reduced from 5 mN to 2 mN. However, this step cannot 
be eliminated because of the need to maintain contact between the probe and the upper 
side of the samples throughout the TMA test. 
Plate TS (1, C) 
Residual hcat 
of reaction (kJ mol-) 
Degree of cure 
Glassy CTE 
(pm m7l K-1) 
A 115 ±5 132 ±3 0.68 105 
B 144 ±3 83 ±3 0.80 79 
C 163 ±3 54 ±3 0.87 76 
D 176 ±3 43 ±2 0.90 68 
E 186 ±2 I 18 ±1 I 0.96 
Table 7.1 Experhnental data for partially cured resin plates 
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The dynamic storage modulus generally dccrcases with temperature as showed 
in fig. 7.2b; however, zooming the curve for temperature higher than 120'C, it can be 
noticed that the modulus increase up to a maximum values and than start to decrease. 
This phenomenon is associated with the post cure reaction activated by the temperature, 
above the correspondent glass transition temperature of the system. The post-cure 
reaction implies that the resin system will be stiffer; therefore, the dynamic storage 
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If a contact is required for the measurement then a holding force, even though it 
is minimal, needs to be applied to the sample during the test. From TMA diagrams of 
linear changes versus temperature, reported in fig. 7.3, curves of thermal volumctric 
strain c, versus temperature can easily be obtained considering that: 
er (T, a) yCTE (a) - AT Eq. 7.1 
where Ev is the thermal volumetric strain, I and 10 are respectively the final and 
initial sample length; y "(a) -and AT are the cocfficient of thermal expansion and the 
temperature variation. 
The glassy coefficients of thennal expansion can then be evaluatcd as the slopcs 
of these curves below the glass transition temperature, defincd at the onset of the first 
step for each curve. The values obtained are reported in Table 7.1, along with the glass 
transition temperatures, residual heats of reaction and degrees of cure obtained by 









Fig. 7.3 Fitting of TMA experimental data at temperatures below the glass transition 
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A linear model to interpolate the values of the coefficient of thermal expansion 
obtained has been used: 
CTEglassy ()=y CTEglassy +ý CTEglavsy _ 
CTEglassy ya0 
co YO 





are respectively the values of coefficient of thennal 0 00 
expansion of the uncured and fully cured material in the glassy state, while a is the 
degree of curc of the resin. 
Best fitting parameters for the linear model are: 
CTEglassy CTEglassy 




CTEglassy (a = 1) = 47.24, um Eq. 7.4 700 
Experimental data on coefficient of thermal expansion as a function of degree of 
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Fig. 7.4 Linear fitting of the experimental values obtained for glassy coefficient of thermal expansion 
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7.1.2 Rubbery Coefficient of Thermal Expansion 
To demonstrate that the partially cured samples have undergone post-curc afIcr 
the first scans, and at the same time to measure the coefficients of thermal expansion of 
fully cured materials, all of the partially cured specimens used for the first TMA runs 
have been re-scanned. 
In fig. 7.5 all the second scans perfon-ncd with the same specimens arc reported 
as linear thermal strain on the y-axis along with an indication of the glass transition 
temperature and linear interpolation of both glassy and rubbery regions. The same 
heating rate of 2"C/ min and temperature range from 30"C to 315"C were used. 
As expected, all the points from the second runs lie on the same curve, showing 
that the glass transition temperature is almost the same as that previously obtained for 
the set of samples labelled E. From these curves, the coefficient of thermal expansion 
for the fully cured resin above its glass transition temperature can be obtained as the 











Fig. 7.5 Linear thermal strain vs. temperature from second scans on partially cured specimens. 
Experimental data (symbols) - linear regression lines (solid lines) 
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However, for a complete characterization of the ncat rcsin, which can be 
adequately used for an FEM simulation of manufacturing processes of composite 
materials, coefficients of thermal expansion within the rubbery region for partially cured 
samples are also required. 
Considering that, above the glass transition temperature, partially cured samples 
produce TMA diagrams that are inevitably the sum of two different contributions in 
respect of the volume variations (thermal expansion and chemical shrinkage) acting in 
opposite directions, direct measurements of coefficient of thermal expansion for an 
uncured resin sample are physically impossible using solid samples. It may be 
concluded from the thermal-analysis that all possible information about coefficient of 
thermal expansion of the resin during the cure has been obtained. However, a different 
method, like liquid dilatomctry should be employed to measure the CTE in the case of 
uncured specimens. In the next paragraph, results obtained from liquid dilatometry will 
be presented; coefficients of thermal expansion for the material in the uncured state will 
also be calculated. 
7.2 Liquid Dilatometry: experimental results 
7.2.1 Coefficient of Chemical Shrinkage 
Liquid dilatometry has been used successfully to measure chemical shrinkage at 
different isothermal temperatures, 120,130,140,150 and 1600C using the dilatometry 
equipment built at Cranficld University (see chapter 3 paragraph 3.11.2). Data obtained 
later from the SWO dilatometer in the National Physical Laboratory of London have 
been used to verify those measurements; however only two temperatures, 140T and 
160*C have been checked. 
Figure 7.6 reports the specific volume versus time curve obtained for an 
isothermal temperature of 1400C using the Cranfield equipment, along with the degree 
of conversion profile for this temperature obtained by DSC. 
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Fig. 7.6 Specific volume (-) and temperature (o) vs. time obtained using the Cranfield dilatometer for 
isothermal test at T= 140"C. Degree of cure (o) profile at the same temperature is also reported. 
First, the specific volume of the resin increased due to therma expansion upon 
the initial heat-up to T= 140'C, from 0.785 to 0.854 CM3 g-1; during the isothermal 
dwell, the specific volume decreased after about 50 min from 0.854 to 0.793 cm 
39 -1 
due to the progress of the polymerisation. From the profile of degree of conversion after 
500 min, the degree of cure of the resin looks fairly asymptotic to 0.855 and no further 
cross-linking can be expected. 
Since the isothennal cure reaction is slow at T= 140'C, it can be assumcd that 
during heating to the isothermal temperature, all specific volume changes are due to 
thennal expansion, and there are no significant effects related to chemical shrinkage. 
This assumption is supported also by the almost identical slopes of the curves obtained 
. at different temperatures during ramping up to the isothermal temperature (see Fig. 7.7). 
According to this assumption and also considcring that the glass transition tempcrature 
for the resin in the uncured state is T. 0 = -20"C (see Chapter 4), reasonable estimates of 
the rubbery coefficient of linear thermal expansion for the resin in the uncured state can 
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be made. Evaluating the slope of the linear part of the specific volume vs. time curves 
and considering the isotropy of the resin: 
7 CTErubbery (, = 0) =1 -'DV = 232.6, um m-lK-1 3 öT 
Eq. 7.5 
Using this value of the coefficient of linear thermal expansion for the uncured 
resin above its glass transition temperature and recalling the value for the fully cured 
system measured by the TMA tests, either from the tests on sample E or from second 
scans performed on partially cured samples, a simple linear model for the linear CTE 
above the T. can be stated as follows: 
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CTErubbery -'K-' are where = 246.3, um m= 136.5pm m (10 
respectively the values of coefficients of thermal expansion of the uncured and fully 
cured materials in the rubbery state, while a is the degree of cure of the resin. 
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Fig. 7.7 NPL pressure-volume-temperature (PVT) experiments at three isothermal temperatures 
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Measurements taken at different isothennal temperatures (see Fig. 7.7) show the same 
response of the specific volume change; also for these curves the inflection to the 
plateau value is identified within the corresponding gclation region while no further 
specific volume variations can be seen when the resin reaches the vitrification point at 
specific temperatures 209 . 
In order to verify the measurements taken with the dilatometcr built at Cranficld, 
tests at T= 140'C and 160*C have been performed at NPL on the uncured resin using 
a Prcssurc-Volume-Tempcrature Test Machine 210,211 (PVT). Comparisons between 
specific data obtained using the two instruments are reported in Fig. 7.8. Good 
agreement has been found, even though the final value for the specific density at both 
temperatures is higher for the measurements perfon-ned by SWO/PVT in NPL. 
1.30 
1.26 - 
.r n 1.22 - -Density (NPL Tests) at 160*C 
Density (NPL Tests) at 1400C 
1.18 1 *FY 
ýDensity (Cranfield Tests) at T=160*C 
-Density (Cranfield Tests) at T=140*C 
1.14 111 
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Fig. 7.8 Comparison between liquid dilatometry data obtained at Cranfield and at NPL. 
Interactions between volume changes and the formation of a three dimensional 
network due to the polymcrisation reaction arc especially useful in modelling the 
behaviour of the resin system throughout the cure. Relationships between volume 
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changes and the evolution of the resin network can usefully be established by analysing 
dilatometric results and kinetics data together. 
In Fig. 7.9, curves of volume variations (normalised with respect to the final 
asymptotic volume at that temperature) vs. time are superimposed upon the 
corresponding conversion profiles for both temperatures T= 140'C and T= 160'C - 
Not only the degree of cure, but also the total volumetric shrinkage depends on the 
isothcrinal curing tcmperature. 
It can be assumed that the progressing of the reaction is directly proportional 
with the variation of the resin volume through all the reaction. Since at T> 160'C the 
cure of the resin is very fast (Chap. 4), the total shrinkage value for the fully cured resin 
can only be obtained provisionally from data obtained at lower isothermal temperatures. 
Therefore, values of shrinkage have been plotted vs. degree of conversion and time (see 
fig. 7.10). Figure 7.11 reports the results of the interpolation, at specific points in the 



















Fig. 7.9 Normalised Specific Volume and Degree of Cure for two isothermal temperatures 
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Fig. 7.12 Linear profile of specific volume change vs. degree of cure 
7.3. Construction of the Sub-model 
I 
The results of the experimental part of the study established that both the 
coefficient of thermal expansion in the glassy state above conversion levels of 0.68, and 
the chemical shrinkage of the resin, depend linearly on the degree of cure. The 
assumption of a linear dependence of the cocfficient of thermal expansion on the degree 
of cure in the liquid/rubbcry state enables the experimental data previously reported to 
be incorporated into a model for the volumetric strain based on the following relation: 




da Eq. 7.7 
dt dT dt da dt dt dt 
) 
where ý is the specific volume, a, is the volumetric coefficient of thermal 
expansion (VCTE) and y is the (constant) resin shrinkage coefficient relating to the 
degree of cure. 
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where Vi and V, -, 
denote the specific volumes at times t, and t, -, rcspcctivclY 
and AT and Aa the changes in temperature and conversion from t, -, 
to t,. 
7.4 Simulation for non isothermal cure conditions 
The simulation used to model volumetric changes operates incrementally as 
suggested by eq. 7.8. In each time step the change in conversion and the corresponding 
glass transition temperature are calculated using the kinetics model and DiBcnedetto 
model described in Chapter 4. Then a comparison between the actual temperature of the 
material and the instantaneous glass transition temperature is carried out in order to 
determine whether the state of the resin is rubbery or glassy, and the appropriate 
coefficient of thermal expansion is input into eq. 7.8. A schematic diagram of the 
algorithm used is given in Figure 7.13. 
The model was used to simulate the volumetric changes expected during two 
typical non-iscithermal cure cycles; in the first one, the resin is expected to vitrify during 
the isothermal dwell, whilst in the second the resin is expected not to reach vitrification 
before cool-down. The results are illustrated in fig. 7.14. 
In the ramp up stage, resin expansion occurs because of the opposing cffCCtS Of 
thermal expansion and the early stages of chemical shrinkage. In the isothermal segment 
of the test, chemical shrinkage is the only active phenomenon. In this part the rate of 
change of specific volume reflects the rate of the reaction, thus it becomes low towards 
the end of the isothermal segment. 
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Fig. 7.13 Schematic representation of the algorithm 
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In the situation shown in fig. 7.14a, the resin had vitrified prior to cooling and 
thus the plot of specific volume against cure time in that segment is a straight line 
corresponding to simple contraction of the glassy thermoset. In fig. 7.14b, the passage 
of the non-vitrified resin through its T. in the coot down is indicatcd by the intcrsection 
of the dotted lines. 
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Volume changes in the neat resin have been studied using standard 
thcrmomcchanical analysis on partially cured solid samples and liquid dilatomctry. It is 
important to be able to separate the effects due to temperature changes from those 
related to the progress of the cure reaction. TMA tests have proved that the cocfficicnt 
of thermal expansion varies during the cure and that a linear dependency of CTE upon 
conversion can be assumed in the glassy region. In the rubbery region, previous work 
has been considered for a typical epoxy resin system. Shrinkage analysis has proved 
that for this resin system the shrinkage is linear with the evolution of the reaction. 
Linearity between non-naliscd volume change and degree of conversion has been 
observed, and a final chemical shrinkage coefficient has been determined to be 5.5% for 
complete conversion. The model methodology outlined here appears to be an 
appropriate way to account for the volumetric changes occurring during the cure of a 
thennoset. 
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Chapter Eiji t 
Cure-dependent mechanical properties: 
experimental results and analysis 
0 Introduction 
In this chapter, experimental results of dynamic and static mechanical tests on 
partially cured specimens will be presented. The timc-tempcraturc-convcrsion 
superposition principle will be adopted to build stress relaxation modulus master curves 
for partially cured resin samples. The shift factors obtained from stress relaxation tests 
will be "back-applied" to the results obtained from dynamic tests, to check the 
applicability of the time-temperature principle for each degree of cure. 
Different approaches to simulate the evolution of stress relaxation modulus, based on 
analytical models will be presented in turn for the relaxation time spectrum and for the 
shift factor. A mechanical submodel for the stress relaxation modulus, later used for the 
FEM simulation of a "bi-material"' cantilever strip, will be also outlined. 
8.1 Sample quality inspection results 
8.1.1 Calorimetric Analysis 
Owing to its relatively high viscosity at room temperature, the resin system 
investigated in this work presented many difficulties for the casting operation. n 
addition to this, calorimetric analysis of preliminary cast plates has revealed a high 
variability of degree of curc within the sample to invalidate further investigation, as 
mechanical testing. For these reasons, the determination and the minimization of the 
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spread in the degree of conversion for each sample used for the dynamic and static 
mechanical tests has been an important issue to deal with during the preliminary stage 
of sample preparation. 
Since the aim of the mechanical characterization was to acquire the necessary raw 
data to construct the corresponding "master curves" at a particular degree of conversion, 
uniformly cured samples were required. According to the experimental conditions 
discussed in chapter 3 section 4.4.4, a thorough analysis aimed at determining the 
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Fig. 8.1 Heat flow diagrams obtained by DSC measurements on specimens taken ftorn the four comers 
and the centre position of resin plate A 
(a = 0.68). Where Sample- - s.. - c.. is a code, indicating the 
type of sample (Sample), the side (s) from and the comer (c) from which the DSC samples were taken 
from. 
Fig. 8.1 reports the obtained results for the least cured plate studied (labelled A); 
samples were extracted from the four comers and from the centre of this platc in order 
to study the in-plane conversion gradient. A value of 104*C for the glass transition 
temperature was found as the avcragc value of all five measurements. Using the 
DiBenedetto equation (see chap. 3 eq. 3.35), relating T. to a, the value of degree of 
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cure corresponding to T, = 104"C was found to be 0.68. The same type of analysis was 
performed for the plate made of resin, type B, C, D, and E (see fig. 8.2,8.3,8.4). 
The degree of curc was also checked using the residual hcat generation value 
evaluated from the same DSC run, in order to determine the actual degree of conversion 
at the location from which the specimen was taken (see fig. 8.5 for the resin plate 
labelled E). 
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Fig. 8.2 DSC heat flow curves for all the ten samples taken from the resin plate B (a=0.80) 
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Plate Label Tg ýC) 




A 104±5 132 3 0.68 
B 133±3 83 3 0.80 
C 151±3 54 3 0.87 
D 165±3 43 2 0.90 
E 182±3 18 1 0.96 
Tab. 8-1 Average results of thermal analysis tests performed on samples taken from the partially cured 
plates. 
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Fig. 8.3 DSC curves of samples taken from both sides of resin plate C (a = 0.87) 
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Fig. 8.4 DSC curves of samples taken from both sides of resin plate D 
(a = 0.90) 
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Average values for the glass transition temperature, for residual heat of reaction and 
for the corresponding degree of conversion for all five partially cured plates (A-B-C-D- 
E) are reported in table 8.1. For the resin plates, labelled B, C and D, obtained heat flow 
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Fig. 8.5 Reversible and non-reversible heat flow curves for sample taken from resin plate E 
For plate, E the analysis of the heat flow profile has shown more uniform results with 
a very low value of variance for the residual heat of reaction. Figure 8.5 reports the non- 
reversible and reversible signal obtained by testing a few milligrams of resin, by means 
of modulated dynamic scanning calorimetry (MDSQ. 
8.1.2 Solid Rheometry Analysis 
From each plate, five sets of three sampIcs each were obtained by cutting and 
polishing. One of the sets was used to perform solid rheometric tests in order to verify 
the glass transition temperature and hcnce to assess the degree of conversion reached by 
the resin plates. in accordance with the identified literature, the values obtained for the 
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glass transition temperatures arc higher than the corresponding values calculated using 
DSC technique. The difference can be attributed to the finite dimensions of the 
specimens. Negligible variation in degree of conversion has been found using the 
mechanically evaluated values of Tg. Figure 8.6 reports the results of dynamic 
rhcometric scans on all five specimens, which indicate glass transition values. Here, the 
T, is defined as the tcmpcraturc corresponding to the maximum value of tang. 
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Fig. 8.6 Tors ional rheometric results for partially cured samples. Gla ss transition temperature values are 
also reported. 
No experimental data could be obtained at degrees of curc lower than the level 
reached for plate A; this is due to sample fracture during the clamping or initial 
deformation of the partially cured sample. 
Other types of experimental technique, such as DMA using parallel plates or 
oscillatory rheometry of the liquid rcsin, could be used to investigate mechanical 
properties and distribution of relaxation times at lower conversions. Such investigations, 
which could be particularly useful in developing a constitutive model for the evolution 
of viscoelastic mechanical properties throughout the curing process, are not essential 
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within the framework of the present study. In fact, application of tlicsc experimental 
results and shrinkage phenomena in the prediction of residual stresses assumcs that 
prior to gclation stresses are almost immediately rclaxcd by the rcsin system. Therefore, 
the materials behaviour at low conversion has no relevance and for the scope of the 
present work, they can be neglected. 
8.2 Static and Dynamic Test Results on solid samples 
According to the experimental conditions reported in chapter 3 section 3.3, dynamic 
and static tests were performed on samples cut from moulded plates. All the 
experimental data presented in this chapter arc averaged over two experiments. 
In the case of static experiments, depending upon the temperature range (from room 
temperature to the sample's glass transition temperature) and step increment, the time 
required to complete each test was between 300 min and 800 min. Raw data for the case 
of a=0.80, are reported in Fig. 8.7 (more details in ref 175). The relaxation moduli for 
the entire partially cured sample are reported in fig. 8.8 and fig. 8.9 as raw data. 
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Fig. 8.7 Raw data of relaxation test on specimen type B (a = 0.8 ) 











0 50 100 150 200 250 300 
Experimental Time (min) 
9 Relaxation Modulus (GPa) - Resin A -Temperature (OC) - Resin A 
4.012+09 1 _r 100 
0 00 0 00 ***see* 
0 0090000000 00 so goo 0 3. OE+09 - 
0--% *so cu a- 0* 
(D --- ---- 
Z: 2. OE+09 - See* 
LU 
1. OE+09 - 
* wo- 0 sos 
0 00 see 00*0 
004190**Oo 
00 see 
O. OE+00 - 
1 10 100 1000 
Time (sec) 
Fig. 8.8 Stress relaxation profiles at various temperatures for resin plate A (ct=0.68) 
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Fig. B. 10 Stress relaxation master curve with corresponding shift factors for resin plate A (a=0.68) 
The temperature ranges from 25"C to the Tg of the corresponding sample as 
measured by the torsional rheometer tests. For all the partially cured samples, the 
approach of the glass transition is clearly reflected by a sharp drop in the modulus 212 . At 
the lowest temperatures, all the samples show glassy behaviour with an average 
modulus of about3.4GPa; this value was treated as constant during the subsequent 
fitting procedure. Near the T,, the rubbery modulus reached a plateau value ranging 
from 1.38MPa for the least cured sample to 60.9MPa for the rcsin specimen labelled 
E. 
It is important to emphasise that as the testing temperature is raised through the glass 
transition temperature, the raw data acquired become meaningless because of the onset 
of the post cure reaction. The raw data obtained were used to construct the relaxation 
modulus master curves up to the corresponding sample Tg according to the time- 
temperature superposition principle as discussed in chapter 3 paragraph 4.4. In all cases, 
temperature of T,, f = 32"C was used as the reference temperature with no vertical 
shifts. Master curves for all the five partially cured resin platcs are reported in the 
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Fig. 8.12 Stress relaxation master curve with corresponding shift factors for resin plate C (ct=0.87) 
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Fig. 8.14 Stress relaxation master curve with corresponding shift factors for resin plate E ((x=0.96) 
shiftfactor -Pbli. (shift factor) 
174 
1. E+03 I. E+08 I. E+13 I. E+18 
Log[4(j)] (min) 
The general trend of the curves showed that for higher degrees of conversion, the 
characteristic relaxation time increases by about five orders of magnitude; moreover, the 
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Figure 8.15 reports all five master curves for stress relaxation modulus, obtained 
using th6 time-temperature supdposition principle with no vertical shift factor. The 
values for the ultimate relaxation modulus were added artificially for fitting purposes. 
8.3 Modelling Equation 
8.3.1 Background: remarks 
For a thermosetting linear viscoelastic material, it is particularly important to model 
evolution of the mechanical modulus during curc; however, it is only in the last few 
years that researchers have focused their attention to the problem. The results and the 
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master curves presented in the previous paragraph represent information that is essential 
for building a complete model of the viscoelasticity of the resin system during cure. The 
starting point for the mathematical statement of linear viscoclastic behaviour is 
necessarily the Boltzmann Superposition Principle. In his work, Boltzmann 213 proposed: 
a) that the creep or strcss relaxation in a specimen is a function of the entire 
loading history; 
b) that each loading step makes an independent contribution to the final 
deformation and that the final d6ormation can be obtained by the simple 
summation of all contributions. 
Using this principle, creep and stress relaxation data can be represented in exact 
complementary fashion. Consider a stress relaxation programme in which successive 
incremental strains Ae, , Ae2 .. Ae, are applied at times i-,, r2 ... -r,, respectively. 
The 
total stress at time t is then given by: 
c(t) = Ae, - EQ - rl) + Ae2 - 
E(t-'r2 )+.... + Ae, - E(t - ri) Eq. 8.1 
where E(t - r) is the stress relaxation modulus. Equation 8.1 may be gencralised in 
an identical manner according to a Maxwell-type material model in the case of stress 
relaxation conditions (e = constant) and for a continuous number of steps, as follows: 
C(t) N-4,0 4,10 
E(t) ==E. + Ei - exp E. +f E(r) - exp dr Eq. 8.2 e -. 00 
(ir-ý, ) 
- 
where E. represents the relaxed modulus, -r the dummy time variable and E(t) the 
relaxation time spectrum function. Since many authors have discussed the theory of 
viscoelasticity satisfactorily, only the equations that are necessary equations for 
modelling stress relaxation data will be reported in the following paragraphs. For a 




8.3.2 Cure dependent ultimate relaxation modulus 
To simplify the treatment, previous researchers have considered the ultimate 
modulus to be constant 178,180 in our case, the variations of the modulus are significant 
and a degree of cure dependency can be suitably modcllcd. Within the gclation region, 
where the three-dimensional network starts to form, the modulus rises from a very low 

















Fig. S. 16 Experimental points and fitting curve for the ultimate relaxed modulus 
The cure dependency of the equilibrium relaxation modulus was modelled using an 
empirical function already used by O'Brien et al. 180 to model the equilibrium modulus 
of the EPON 862/W rcsin system. 
The model in Eq. 8.3 relates the experimental points of the relaxed modulus 
assuming that the modulus of the resin is very low before gelation and that its influence 
on residual stress is negligible. Sensible values of the relaxed modulus are thcrcfore 
considered only at a> ag., . This model can be stated as follows: 
177 
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where CG,,, DG. and FG. are fitting parameters and ct,,,, = 0.66 is the conversion at 
gelation. The following values of the parameters have been obtained from the fitting of 
the experimental values of ultimate modulus, as reported in fig. 8.16: 
CGv 
= -5.18 log(Pa) Eq. 8.4 
DG. = 4.10 log(Pa) Eq. 8.5 
FG. = 89.02E3 Eq. 8.6 
Microcal Origin v. 6.0 software has been used to apply the non-lincar fitting 
algorithm used to minimise the least-square function. 
8.3.3 Shift Factor: results and phenomenological model 
For viscoelastic materials, the mechanical response is history-dependent and involves 
the use of a reduced time. According to eq. 3.44 in chapter 3, reduced time can be 
written using the temperature-cure dependent shift factor, a. (a, T) from the integral in 
the following form: 
t Eq. 8.7 
where ý(t, a, T) is the reduced time, t is the actual experimental time and a. 
(a, T) 
is the tempcrature-conversion shift factor value. For polymeric materials, shift factors 
arc generally functions of temperature; in the case of a reactive system the dependence 
178 
on the conversion needs to be taken into account in implcmcnting the modcl. Figure 
8.17 shows the horizontal shift factors used to generate the mastcr curves of strcss 
relaxation modulus (see Fig. 8.15). 
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Fig. 8.17 3D plot of experimental shift factors vs. temperature and degree of cure 
As already discussed in chapter 3 paragraph 4.4., the application of the reduced 
variable method (see figs. 8.10-8.14) needs to be verified for the analogous data 
obtained under dynamic conditions. Using the same values of shift factor, master curves 
of dynamic storage and loss modulus were generated from raw data obtained from 
dynamic tests based on frequency sweeps. All these curves for the almost fully cured 
samples (label E) are shown in figs. 8.18,8.19, and 8.20. 
These curves were constructed using T= 301C as the reference temperature and no 
vertical shill was involved. At the lowest frequencies, storage modulus shows glassy 
behaviour with a linear variation of the modulus. O'BricnI80 obtained the same 
behaviour for a different epoxy resin. At very low frequencies, corresponding to high 
temperatures of the raw testing data, values of the moduli cannot be acquired because of 
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Fig. 8.18 Dynamic storage modulus master curve (sample E). The shift factors applied are the same as 
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Fig. 8.19 Dynamic loss modulus master curve for sample plate E, applying shift factor values as obtained 
from relaxation modulus master curve reported in fig. 8.14 
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Similar proof tests for the shift factor values have been performed for all five levels 
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Fig. 8.20 Master curves of dynamic loss modulus for all the levels of conversion, constructed using values 
of the shift factor values obtained from master curves for the static stress relaxation modulus. 
In order to predict the evolution of the viscoelastic mechanical properties of the neat 
resin during cure, the shift factor curves need to be modelled with respect to both 
temperature and the degree of cure. 
As in the work of O'Brien 180 and Simon 177 , shift factor curves cannot be modelled using 
a WLF type equation (see chapter 3 equation 3.45). Noting that the shapes of the curves 
vary, the similarity between the shift factor curves presented in fig. 8.17 and the 
pressure dependency of the shift factor curve for a chlorosulfonatcd polyethylene 71 , has 
been noted. The Williams-Landel-Ferry model can be applied only to the first part of 
each curve; for the remaining part, a linear shift factor model has shown better 
agreement with the experimental points. In fig. 8.21, the shift factor curves for 0.80- 
0.87-0.90-0.96 conversions are reported,, along with the predictions of the two models. 
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Fig. 8.21 Shift factors for partially cured samples (B-C-D-E) fitted with WLF and linear models 
Both parts of each curve show very good agreement with model predictions. 
Comparisons of the above curves with the tang curves in figure 8.6 emphasise that the 
intersection point of curves based on the WLF and on the linear models corresponds to 
the raising of this latter curve and therefore it defines the onset of the post cure reaction. 
In the case of samples labelled A, which correspond to the lowest level of 
conversion, the WLF model fitting has been performed using a reduced number of 
points, which necessarily ensures good agreement with the model. For these reasons, the 
results for the least cured material (label A) need to be considered very carefully and 
further investigation is recommended. The WLF and linear models do not permit a 
suitable implementation of the shift factor models over the whole range of conversion, 
aE [0.68,1], owing to the inherent difficulties in correlating the best fitting parameters 
























Fig. 8.23 Experimental values of shift factors vs. (T-TO, along with high order Polynomial function 
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For this reason, a simpler model is required for the shift factor curves, which will be 
used later for the finite element simulation of a real experimental case, (the bi-mctallic 
strip cantilever beam tests). Plotting the experimental shift factors as a function of the 
difference T-T,, where T is the test temperature and T, the glass transition 
temperature for that level of conversion, a common path for all the curves can be 
identified. High order polynomial functions were used to fit each curve with respect to 
temperature, thereby generating a series of fitting constants at each level of conversion. 
Subsequent calculation of fitting parameters with respect to the level of conversion has 
identified a general phenomenological model in the simple form of a two-variablc 
polynomial. This model can be suitably implemented for the final FEM simulation and 
it can be written as follows: 
a. (T, a) = C. 4 T(a)-T 
3+C, 3, 
r(a). 
T 3+C, 2, 
r(a) 
-T+C. 1, (a) - Eq. 8.8 
where T is the temperature in degrees Celsius, and C., (a) (with i=1,2,3,4 ) are the 
cure-dependent polynomial coefficients. The values for these latter coefficients are 
reported in table 8.2. 
Value/Label A B c D E 
Conversion, 0.68 0. ýO 0.87 0.90 0.96 




-5.692E-03 -2.122E-03 -1.901E-03 -1.519E-03 -1.846E-03 
C2 (a) 
-2.98213-01 -1.598E-01 -1.653E-01 -1.342E-01 -1.698E-01 
Cal, (a) -9.085E+00 -8.084E+00 -9.916E+00 -1.021+EOI -1.309E+01 
Tab. 8.2 Values of the coefficients obtained by fitting shift factor values with a high order polynornial 
function 
The values reported in table 8.2 were substituted into equation 8.8 to obtain the 
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Fig. 8.24 Experimental shift factors and model predictions for all considered levels of conversion 
In order to determine whether the above model can be adapted to represent the 
evolution of the shift factors during cure, experimental shift factors and the predictions 
of the model for the same level of conversion have to be compared. 
Therefor'e, adopting a cubic polynomial function for the fitting of the C,,,,. (a) factors 
along with the polynomial model defincd in eq. 8.8, a "back checking" comparison can 
be made with the experimental values of the shift factors. In fig. 8.24 the experimental 
values of the shift factor and the corresponding predictions of the model are compared; 
satisfactory results were obtained 
8.3.4 Zerner 215 or Integral Model 
Assuming the standard mathematical formalism for the theory of viscoclasticity, and 
noting that the time for all above reported master curves (see figs. 8.10-8.15) is based 
on the concept of reduced time (see eq. 3.44), equation 8.2 can be written as follows: 
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EQ, T) - E. N 
(- ý(t, T) T(t, T) ==2: H, (r) - cxp d(Ln r) Eq. 8.9 E. -Eo - 1=1 
where H, (r) represents the discrete relaxation time coefficients; E,, is the glassy 
modulus and E. the fully relaxed value of the modulus. For thermosetting system, the 
above model can be modified appropriately by considering that the level of reaction 
(degree of conversion, a) reached by the materials during the thermal history represents 
a suitable parameter for monitoring structural changes in the system. Assuming a 
reasonable number of terms (N= 11 - 20 arc generally enough), eq. 8.9 (also called 
Prony's Series) can be written as: 
E(t, T, a) - E. (a) N- ý(t, T, a)'ý f(t, T, a) ==L Hi (r) - exp - d(Lnr) Eq. 8.10 E. (a) - Eo (a) 1=1 rl 
The use of the Prony's series leads to the following advantages: 
m the model has flexibility, enabling it to capture a wide range of material 
behaviour; 
w the terms in the model have a physical meaning; 
w the model can be used for a recursive solution technique. 
Each of the exponential terms in eq. 8.10 has a proper physical significance, 
indicating which modes dominate during the relaxation process. Further generalization 
can be written by noting that only a distribution of relaxation times in the range 
[-oo, +oo] can model the real physics of the phenomena, owing to the continuous 
distribution of chain lengths. Assuming an integral form for the discrete summation, it 
can be written: 
+00 ý(t, T, a)) T(t, T, a) f H(r, a) - exp d(Ln r) Eq. 8.11 
In general, form, equation 8.11 represents the constitutive law for a viscoelastic 
material in the case where the modulus depends upon the degree of curc. 
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8.3,4.1 Relaxation Spectra from Strcss Relaxation Test 
Theoretical functions generally fail to meet practical needs for converting one 
viscoclastic function into another, essentially because the intcgrand function is not 
available over a wide enough range of time or frequency to perform the required 
integration from -oo to +oo. For these reasons, a variety of approximation methods 
have been developed to evaluate the relaxation spectrum (this is true also for the other 
viscoclastic functions) from experimental results obtained from stress relaxation tests. 
Most of the approximation methods involve taking derivatives of the initial function or 
of related functions, either graphically or by numerical diffacncing processes. 
Generally, all the approximation methods are bascd on the analytical properties of the 
integrands of the corresponding exact equations. For example in eq. 8.11 the initial 
function H, which represents the distribution of relaxation times for the normalised 
stress relaxation modulus, is multiplied by the kernel function exp(- 
ý(t, T, a) which 
goes from 0 at r=0 to I at r -> oo. If this function is approximated by a simple step 
function going from 0 to I at r=t, eq. 8.11 can be rewritten as: 
+00 
T(t, T, a) f H(r, a) - d(Ln r) 
Int 
Eq. 8.12 
Moreover, by differentiating eq. 8.12 with respect to the limit In t, it follows that: 
Ap 
(Alfrcy's Rule) Eq. 8.13 
aInt 
so that the relaxation spectrum at r=t is obtainable to a first approximation as 
the negative slope of the relaxation modulus. This is the Alfrey's rule2 
16. Figure 8.25 
shows the relaxation spectra obtained by applying the Alfrey rule to all the partially 
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Fig. 8.25 Relaxation times spectra from experimental stress relaxation tests, using Alfrcy's approximation. 
Different expressions involving second or higher derivatives can be applied to extract 
the relaxation spectrum from the stress relaxation results, as proposed by Tschoeg1217. 
Using the second derivative, the equation can be written: 
H(r)=- 
aT 
+ alT (Andrew's Approximation) Eq. 8.14 
affit a(Int)' 1=2r 
which is the so called SchwarzI and Staven-nan 218 or Andrew's approximation. An 




a'T I a, T 
(Tschocgl's Approximation) Eq. 8.15 alnt 2 a(In t)' 3 a(IntT,. 3, 
It is worthwhile to apply this third order approximation only when the experimental 
data arc very precise and no sharp peaks are present in the spectrum. This 
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approximation is also known as Tschocgl's approximation. Relaxation spectra obtained 
from our resin data by implementing equations 8.14 and 8.15 are reported in fig. 8.26. 
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Fig. 8.26 Second (eq. 8.14) and third (eq. 8.15) order approximation for relaxation times spectra. 
Relaxation spectra show that the peak relaxation times shift to higher values, 
changing by more than 6 orders of magnitude, and the breadth of the distribution 
increases as resin cure advances. From a physical point of view, these results are in 
agreement with predictions, taking into account the evolution of the complicated three- 
dimensional resin network during the curing stage; higher chemical (crosslinks) and 
physical (entanglements) density constraints lead the whole relaxation processes to slow 
down, increasing the single relaxation times. No appreciable variations can be reported 
using approximation methods based on higher derivatives. 
Theoretical modelling of the distribution of relaxation times has already been 
reported for dielectric relaxation mechanism; however in the case of mechanical 
relaxation processes during cure, very few researchers have tried to model the curc 
dependency of time distribution. In the present work, the experimental relaxation time 
distributions, obtained by testing the partially cured resin samples, have been modelled 
with respect to the degree of conversion. The relaxation time for each partially cured 
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sample has been fitted with a modified form of the Williams-Watts equation, taken from 
an excellent scientific publication about Levy's distribution and the Williams-Watts 
model for dielectric relaxation. The model, which involves three characteristic fitting 
parameters, can be written as follows: 
H(r, a)= A,, (a)-r 
A3H(a)EXP[_ 
( . 431, 
(a) I 
Eq. 8.16 
where the A,,, (a), A2, (a) and AM(q) are degrees of cure dependent parameters. 
Equation 8.16 has been implemented in an ORIGIN environment as a user defined 
model; the fitting has been performed on the relaxation time distributions by applying 
Alfrey's rule for each investigated level of conversion (see fig. 8.23). 
Sample A E 
CL 0.68 0.70 0.87 0.90 0.96 
Aitt 2.8411 E-2 1.77788E-2 9.43754E-3 8.07002E-3 6.9258E+3 
A2H 1.0919E+4 1.86244E+5 6.46977E+6 2.1949 1 E+7 4.75727E+8 
A311 0.236 0.199 0.193 0.186 0.156 
Tab. 8.3 Best fitting values for eq. 8.10 applied for all the investigated partial conversions 
Very good agreement was obtained between theory and experiment by implementing 
the model for each degree of curc and employing as best fitting parameters the values 
reported in table 8.3. The final fitting showed a high value of the correlation coefficient 
(0.999), while the value for X2 was 7.4524E-7. Figure 8.27 shows the fitting plots 
obtained for all the investigated partial conversions. Each of the fitting coefficients has 
an important influence on the shape of the time distribution; higher values of A,,, for a 
fixed degree of conversion amplify the distribution function; A2,, which is the principal 
time of relaxation, localises the curve with respect to the x-axis, and A311 defines the 
bell shape. These fitting parameters can be plotted against degrees of conversion to 
obtain a closed function for the relaxation time distribution as expressed in eq. 8.16. 
Knowing the fitting parameters, it is possible to evaluate them for each degree of cure 
190 
and therefore to obtain the distribution of relaxation times, which on integration will 
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Fig. 8.27 Relaxation time spectra and model provision using equation 8.10 
A linear and an exponential function was used to fit the parameters All, and AM , as 
follows: 
Log(A,,, (a)) = -[6.43E - 01 * Exp(1.29 * a)] Eq. 8.17 
AM(a) =- 26.3a + 4.15E - 01 Eq. 8.18 
Fitting curves for all three parameters are reported in figure 8.28. Since the 
parameters AV, can be considered as the principal relaxation times of the corresponding 
distribution, it can be assumed that the mechanism driving the change in glass transition 
temperature is also responsible for the variations of these parameters with conversion. 
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Fig. 8.2ý Fitting parameters vs. degree of cure. Resulting values and model prediction are shown 
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Therefore, a DiBenedetto type equation (see chapter 3 section 4) has been used to fit 




aO + (Aaw -A 
aO 
1-Z2,, 
-a Eq. 8.19 
Log[A2,, (a = 0.96)] 
2H 2H 2H) 1-(l - , 
'a2,, )-a 
with fitting parameters A", A, Z,,, respectively equal to 2.43E - 2,1.14 and 0.30. 2H 211 
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To verify the consistency of the model with the results of the experimental tests, 
equations 8.11,8.12,8.13 were used to evaluate the parameters of the relaxation time 
distribution, as reportcd in cq. 8.10, for all fivc lcvcls of convcrsion. 
4.0 
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Fig. 8.29 Stress relaxation modulus as predicted by Zerner's model (solid lines) and experimental results. 
Eq. 8.12,8.16,8.17,8.18,8.19 were implemented. 
Once these values had been evaluated, then the distributions of relaxation time were 
calculated over the whole range of 4 (t, T), from 10-10 to 10,20 minutes. Reasonable 
agreement was obtained even though the model predictions for the modulus showed 
discrepancies mainly within the glassy region, as shown in figure 8.29. 
8.3.5 Kohlrausch-Williams-WattS219 Model (KWW) 
Curves of stress relaxation modulus arc also modelled with the stretched exponential 
or so-called Kohlrausch-William-Watts function (KWW). For a generic polyincr system 
the model can be stated as: 
193 
E(t) = E00 - cxp Eq. 8.20 
where fl and rp , are two constants characteristic of the investigated material and 
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Fig. 8.30 Master curves of stress relaxation modulus, experimental results and KWW fitting prediction. 
The physical meaning of the two parameters can be identified by considering the 
characteristic bell shape of the relaxation time distribution associated with the curve of 
relaxation modulus. The value of rP (also called the characteristic relaxation time) 
represents the central point of the time distribution function, whereas 8 (also called the 
nonexponentiality parameter) is inversely related to the width of the relaxation time 
distribution. Fitting of the experimental master curves (see fig. 8.30) has been 
performed by Microcal Origin 6.0 using a Lcvcnberg-Marquardt non-linear least 
squares fitting algorithm; the values of the KWW parameters for each degree of cure arc 
reported in table 8.4. 
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A high correlation cocfficient of about 0.999 has been obtained. Artificial points 
have been added in order to force the fitting within the glassy state, adopting an average 
value of 3.43 GPa for the glassy relaxation modulus. As for the Zcrncr model, this forn, 
of constitutive equation can be scalcd with respect to the reduced time, ý. 
Sample A B c D E 
0.68 0.70 0.87 0.90 0.96 
E. (GPa) 0.00139 0.0016 0.0378 0.0449 0.06091 
P 0.27369 0.20115 0.19774 0.18684 0.15659 
TP 2.5290E+4 3.048E+5 1.325E+7 - [-3.780E-1 E+8 
Eo (GPa) 3.43 
Tab. 8.4 Resulting values of the KWW parameters obtained by best fitting of experimental data 
For a given reference temperature, T, and by using different values of the ref 
parameters (9, -rp) for each degree of cure, the following general form of the KWW 
model degree of cure dependent, can be written: 






Equation 8.21 implies that different materials are characteriscd by distinct value§ of 
the parameters 8 and rP. The same assumption can be made for the resin during the 
curing stage: at different degrees of curc a single pair (P,, cp) of KWW parameters can be 
evaluated, therefore the best fit of the experimental data acquired during a stress 
relaxation test at a reference degree of curc identifies a distribution of the two 
parameters with respect to the conversion. 
8.3.5.1 Nonexponentiality parametcr 0 
The functionality of the parameters, fl and rp, with respect to the degree of cure has 
not yet been stated by others: however for the nonexponentiality parameter fl, Mijovic 
195 
et al. 220 have obtained satisfactory results using a simple lincar curc dcpcndcnt modcl, 
as follows: 
Eq. 8.22 Aa) C1,6 *a+ C2,6 
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Fig. 8,31 Linear fitting of the beta parameter values as obtained by fitting experimental master curves. 
Figure 8.31 shows the linear fit of the fitting parameters, as reported in table 8.4. 
using as optimal fitting parameters the following values: 
c,,, = -0.3766 and C2. = 0.5223 Eq. 8.23 
The increase in the width of the relaxation time distribution is relatcd to the increase 
in the complexity of polymer network during cure. This complicated network 
necessarily leads to a reduction in the mobility of the polymer molecules. 
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8.3.5.2 Characteristic relaxation time,;, 
The mechanism of relaxation is directly related to the number of crosslinks in the 
material because of the inherent constraints imposed on molecular mobility as the 
nctwork forms. Whcn the polyincr nctwork bccomcs morc complcx, the numbcrs of 
entanglements among the polymer chains will necessarily increase. 
A direct consequence of the network complexity and entanglements is a reduction in 
relaxation rates. For a generic polymer system, stress relaxation time decreases as the 
temperature increases, with a sharp reduction in the modulus value when the system 
reaches its glass transition temperature. In the case of an epoxy resin under stress, at 
any given reference temperature, relaxation times increase with increasing conversion. 
Assuming that the molecular mobility influences the glass transition through the 
same mechanism that controls the stress relaxation function, then the behaviour of the 
glass transition temperature at a fixed degree of cure can be normaliscd with respect of 
its value for a given conversion. This normalization will lead to the definition of a 
potential function, which is identical to that obtained by normalising in the same way 
the characteristic relaxation times with respect to the relaxation time at the same fixed 
conversion. From the mathematical point of view, it can be stated that: 
Tg 
gT Eq. 8.24 
where T. (a) is the glass transition temperature as a function of the degree of cure, 
and T, (a,, f 
) is the particular value for the fixed conversion. if the same mechanism 
nvcs the change in normalised relaxation time, then it follows that: 
r, (a) 
g, (a) Eq. 8.25 and thercforc, g., (a)= g, (a) Eq. 8.26 (a,, ps f 
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where -r, (a) is the relaxation time expressed as a function of the degree of curc, and 
r, (a,, f 
) is the value for the fixed conversion aref , 
It is important to note that measurements of the glass transition temperature made 
using with different experimental techniques will necessarily give dissimilar results, 
owing to the inherent time scales and specimen sizes associated with specific methods. 
In order to apply correctly the assumption made with eq. 8.26, comparisons need to be 
taken betwccn "congruent" measuremcnts. For this reason, values of the glass transition 













Fig. 8.32 Comparison between normalised value of single relaxation time and normalised value of glass 
transition temperature as obtained by torsional rheometry. 
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Fig. 8.33 Normalised values of single relaxation time vs conversion, compared with normalised values of 
glass transition temperature obtained experimentally by thermal analysis as well as torsional rheometry. 
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Figure 8.33 reports the nonnaliscd value of the single relaxation time rp and the 
glass transition temperature values taken from the tan8 curves already reported in fig. 
8.6. Results, reported in fig. 8.32 and fig. 8.33, show very good agreement for the two 
potential functions, thereby supporting the assumption that the effective mechanism that 
governs the change in glass transition temperature with degree of cure also describes the 
change in stress relaxation times during cure. 
Using the system of equations defined by eq. 8.21,8.22,8.23,8.25 and 8.9, the strcss 
relaxation modulus has been evaluated for all the levels of conversion considered in 
performing the experimental tests. Figure 8.34a compares master curves based on 
experimental stress relaxation data and on the predictions of the KWW model; there is 
very good agreement. Predictions for all level of conversion also in the region below get 
conversion are reported in fig. 8.34b. 
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Fig. 8.34 b Predictions for the relaxation modulus for degree of cure within the range 0-1. 
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Overview 
The viscoclastic mechanical properties of the ncat rcsin system were investigated at 
different degrees of conversion. Five different levels of conversion have been 
considered, the resin plates being cured under appropriate conditions, as defined by the 
kinetic data presented previously (sec. Chapter 3 and 4). Degrees of curc gradient in the 
plane and through the thickness have also been assessed. 
Using differential mechanical analysis, stress relaxation measurements based on step 
loading and holding tests have been made on samples cut from partially cured resin 
plates, in order to determine the stress relaxation modulus at fixcd degrees of 
conversion. Master curves have been drawn from the raw data and the shift factors 
obtained have been verified for the dynamic data. 
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Chapter Nine 
Coupled Thermal-Structural Finite Element 
Simulation of a Bi-Material Beam 
Introduction 
In this chapter, predictions of coupled thermal-structural analysis for a bi- 
material strip will be presented. This experiment can be considered as a test case to 
evaluate effects of material evolution during the cure associated with structural changes 
and temperature effects. 
In order to verify the effects of the resin property changes, an experimental 
technique based on bi-material sample was adopted to validate the experimental 
measurements. Shape evolution during standard temperature profile has been recorded 
with digital camera and sample deflection evaluated with an acquisition image soflwarc. 
Numerical predictions of the curvature are generate using a commercial FEM soflware 
(ANSYS) and later compared with experimental measurements. The finite element 
simulation has taken into. account the effects of, the viscoclastic modul4s build-up, the 
chemical shrinkage and non-uniform, temperature distribution earlier evaluated by a 
thermal FE simulation. All the results obtained by the thenno-chemo-mechanical 
characterization performed on the neat uncured resin have been introduced as sub- 
models within the program. They are introduced as a table for automatic interpolation 
by the software, or as an analytical model by mean of an external subroutine. 
Section 9.1 describes the test case; section 9.2 presents some physical 
considerations based on the elastic solution of the problem; section 9.3 introduces the 
FE model along with a brief description of the non-standard features of the software 
adopted in order to implement the changes of the material properties; finally in sections 
9.4 and 9.5, the results of the test case and the FE simulation will be presented 
respectively for the thermal stage and for the structural analysis rcspcctivelY. 
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9.1 Test Case Description: bi-material strip experiment 
9.1.1 Minimum temperature gradient in the furnace 
It is well known that structures constructed by bonding two or more materials 
and then subjected to temperature change will inevitably experience thermal stresses 
due to the mismatch of coefficient of thermal expansion of the constituents. Many 
investigations 221,222,223,224 have been conducted to evaluate residual stresses or to predict 
the final deformation of these type of structures, mainly for elastic material. Recently, 
due to the high performance demand of multiplaycr component for electronic 
applications, the problem of predicting residual stresses and deformation for hybrid 
25 
polymer systems has gained greater attention2 . 
Bi-material (resin-aluminium) strips were made by pouring uncured resin in the 
aluminium. frame at temperature within the range [60'C - 80'C]; at this temperature the 
resin does not rcact and due to the low viscosity it can be easily flattened at a given 
thickness. As the temperature distribution in the oven was not uniforrn, it has been 
necessary to carry out preliminary experiments to establish the area where the 
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- Fig. 9.1 Schematic representation of the thermocouple location for the preliminary tests 
The scope of this investigation was to establish the optimum position of the support 
plate inside the oven, considering that its cavity has a diameter of 180 mm and only 3 
different positions (see fig. 9.1 mark hl, h2, h3) were allowed for positioning the 
specimen support tray. Fig. 9.1 shows the three different levels for the location of the 
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supporting plate and the positions of the thermocouples as used during the preliminary 
temperature checking tests. 
The control acquisition thermocouple is interfaced with a computer via a Keithley 
DAS/TC board and a Visual Basic computer code can acquire the temperature profile 
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Fig. 9.2 Temperature profile recorded by two sets of thermocouples on the travelling support plate at 
height hI and h2 as shows in Fig. 9.1. 
The same temperature profiles, which would later be used for the curing of the bi- 
material sample, were used during these preliminary experiments. Since the temperature 
of the oven could only be imposed by setting the temperature of the dwell period, the 
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heating and final cooling rate need to be determined by fitting the thennocoupic signals 
at the end of each test. 
Fig. 9.3 Picture of the bi-material sample on support plate at position 3 (at height 10) in the oven after 
testing. 
Figure 9.2 reports the thermal profile recorded by the thermocouples, located on the 
support plane, for two different locations, respectively hI and h2 (see fig. 9.1 ). The best 
position for the support plane, assuring at the same time no restrictions for the final 
deflection of the bi-material beam and the minimum difference between the setting 
temperature and actual temperature in the chamber, was found at 1/3 of the total 
diameter of the oven cavity (see fig. 9.1, location hI and h3). A picture of the specimen 
at the end of the temperature profile is shown in figure 9.3 
9.2 Warped bi-material beam: considerations 
Generally, bending occurs towards the side of the material with the lower coefficient 
of thennal expansion, therefore in the case of bi-materials strip, made of resin and 
aluminium, a bending of the system due to a positive temperature change AT would be 
expected towards the aluminium side. For a Simple temperature profile constituted by a 
ramp from room temperature to T, a dwell for a fixed time and an uncontrolled cooling 
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to room temperature, the following experimental observation may be made considering 
the physics of the phenomenon: 
- the real beam system is located on the supporting plane inside the oven, therefore 
displacements along the negative y-axis are restraincd; unilateral constraint nccds 
to be modelled; 
- due to the polymcrisation reaction, the resin passes from a liquid like material, 
with almost instantaneous relaxation, to a solid like system, with elastic 
behaviour. During that stage, the material goes through a viscoclastic region with 
relaxation time of the same order of magnitude of the experimental time. The 
capacity of the resin transfer load to the aluminium sheet is varying gradually 
during the polymerisation reaction, and it can be reasonably assumed that when 
the resin approaches gelation then the load transfer starts to be appreciable; 
- considering that the coefficient of thermal expansion of the liquid resin is higher 
than the aluminium, bending towards the aluminium side is expected; 
- when the temperature is constant (dwell stage) the effect of thermal expansion is 
absent, because of zero temperature change; however, shrinkage effects acting in 
the opposite direction to the thermal shrinkage and viscoclastic relaxation are 
predominant. 
- when the temperature is lowered (cooling stage), since the resin thermal 
expansion is higher than that of the aluminium, the beam will bend towards the 
resin side. In this case large displacements will induce geometric non-linearity in 
the analysis, with a detrimental effect for the time scale resolution. 
9.3 FE Model 
9.3.1 Model geometry and boundary conditions 
The aim of the performed FEM analysis is to study the temperature distribution and 
consequent degree of cure distribution of the resin system subjected to a simple 
temperature profile. It is also aimed at evaluating the deformations induced by the non- 
mechanical load associated with the temperature, also with the curing shrinkage of the 
resin during the polyrnerisation. This allows the study of the interactions of the resin 
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system with the isotropic material and, at the same time, it provides necessary inputs to 
evaluate changes in modulus, relaxation times and thcn-nal expansion cocfficient along 
with the variation of the resin volume associated with the chemical reaction, which will 
be used later for the structural analysis. The ANSySR 5.7 general-purpose finite 
element commercial software was used to generate the model, solve the thermal and 
stress analysis and to analyse the results. Two main assumptions were made for the 
FEM analysis, according to the real conditions recorded during the tcst: 
- plane strain conditions, for the structural analysis, since the width of the bcam 
system is larger compared with the overall thickness; 
- considering the symmetry of the geometry and also the symmetric boundary 
conditions imposed on the system, a 2D model has been assumed for both the 
thermal and structural simulation. 
The whole simulation was divided in two different stages, thermal and structural. 
Considering that the coefficient of convection, at the interface resin-air or 
aluminium-air would be very difficult to evaluate, Dirichlet boundary conditions were 
assumed using experimental measured profile of the temperature at specific boundary 
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Fig. 9.4 Schematic model of the bi-material strip test case considered for the simulation. 
During the tests, some thermocouples were placed on the aluminium plate and on the 
resin at x=0 and x=L (see fig. 9.4, respectively points A-B and C-D). The 
temperature at these points was monitored for the whole duration of the experiments, 
and predefined temperature profiles were obtained (TA(t), TB(t), T, (t), T,, (t)). Hcncc, 
the temperature on the end boundary of the bcarn could be applied at each timc, t, using 
the experimental profiles. 
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For the structural simulation, instead, no mechanical loads were applied while 
temperature for each element has been varied according to the results obtained at every 
time step from the thermal analysis. Boundary conditions were applied at the end points 
of the beam, assuming zero displacement along both axis for points at x=0 and 
assuming a simple supporting constraint for the point at x=L. The physical 
configuration of the test case considered is a strip composcd of two laycrs of different 
thickness perfectly bonded, where the resin layer is labelled material 2 and the 
aluminium layer is material 1. 
In the B comer at x=L and y=0a point-to-point element (CONTA12), with 
infinite compressive stiffness but no stiffness in tensile state of stress, was considered to 
model the unilateral constraint represented by the support plate. The values for the 
geometrical dimensions and relevant section properties for the specimens are reported in 
table 9.1 and 9.2. 
L (mm) Width, b (mm) hl (MM) h2 (mm) 
180 40 0.3 2 
---2 ' A, (mm ) A2 (mmý) 11 (MM) 12 (mm) 
bh, bh2 
Tab. 9.1 Values of geometric dimensions for the bi-material strip 
p (g/cm) CTE, 11 (OC) k. (W nf 1OC-1) cp (J i-IOC-1) 
2,68 23,8 139 0.935 
Tab. 9.2 Thermal properties of alun-dnium bottom layer 
The aluminium material used as material I was bought from Alloy Sales Limited 
(Hatfield, UK) and it was of the type 525 1 -H22. Thermal and mechanical properties arc 
reported in table 9.2, as from manufacturer supplied datasheets. 
9.4 Thermal Analysis 
The original intention for modelling the thermal-structural phenomenon was to run 
just one analysis that uses a coupled-field element type containing all the necessary 
degrees of freedom. Unfortunately the version of ANSYS used in this study (ANSYSR), 
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does not contemplate a single couple element with thermal degree of freedom and 
viscoclastic structural material properties option at the same time. 
The transient thermal analysis was performed considering that at every time step the 
actual temperature for each element is updated and the degree of conversion is 
evaluated considering the full cure kinetics model reported in chapter 4. From the 
temperature and the conversion values for the specific element all the thermal properties 
were updated at every time step, creating a new material template associated with the 
element. 
-CconrtryDefaifion 
-11cmat TyW defiriflon 
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-Evaluate nm for 
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Fig. 9.5 Flow chart of ANSYS input file for the transient thermal analysis 
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Restarting the analysis, leaving the solution processor and rc-cntcring the pre- 
processor (this operation was not possible with previous version of the software) allows 
to resume the run at every step or sub-stcp for further conditioning of loads or to change 
a given material property to the new value. A schematic representation of the proccdurc 
for the ANSYS input file is reported as flow chart in fig. 9.5. 
A high order two-dimensional thermal element (PLANE 77) with one degree of cure 
temperature, at each node applicable to a two-dimensional steady state or transient 
analysis has been used for the thermal analysis. Considering the minimum dimension 
(0.3 mm. ) of the aluminium. plate compared with the thickness of the resin and the whole 
strip length (see fig. 9.4), the minimum dimension applicable for the element was 0.3 
mm; however, if this dimension is used to model the aluminiurn area then no 
temperature gradient could be seen in the aluminium due to the relatively high thermal 
conductivity of the metal. Different runs were considered to verify the convergence of 
the model with respect to the time and to the element dimension. Fig. 9.6 and 9.7 report, 
respectively, the percentage of error between the maximum temperature difference 
compared with the maximum obtained during the 1200 test run and the convergence 







Number of time steps 
Fig. 9.6 Maximum temperature differences of the simulation considering as reference the results obtained 
with the highest number of time steps. 
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Fig. 9.7 Model validation considering the maximum temperature differences for different total number or 
nodes. 
Fig. 9.8 Meshed model of the bi-material strip. Three areas have been highlight, showing the corner and 
middle nodes of the elements used. 
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Fig. 9.9 ANSYS results obtained for time step 1, corresponding to t -zz 6 miti, for area 4 (see fig. 9-8) 
Fig. 9.10 FEM results for time step 5, corresponding to I= 30 inin, for all tbur areas ofthe model. 
The average difference was evaluated over the whole time discrctisation considering 
fixed times and assuming a linear interpolation of the results in the case of non standard 
time step. The ANSYS model is shown in fig. 9.8. The 2D section of the beam was 
modelled vertically considering all nodes at Y=0 to be fully constrained. According to 
the assumption made above the experimental temperature profile acquired by the 
thermocouple were imposed to the beam comer points and an interpolation routine, 
based on a linear function, was used to apply the boundary conditions to the inner edge 
points. 
The figure in the right comer shows the full model, with three different white square 
boxes, each corresponding to the three different areas of the model reported in the same 
figure (see. figure 9.8 n' 1-2-4). 
As shown in figs. 9.9 and 9.10 the temperature gradient within the resin is not very 
high due to the limited thickness of the polymer plate. Nevertheless a sensible degree of 
cure gradient can be appreciated. The temperature gradient through the aluminium plate 
thickness is very low, essentially due to the high value of the thermal conductivity of 
aluminium (139WImK) compared with the conductivity of the resin (0.78PVIMK). 
When the degree of conversion reaches a value of about 0.7, then the temperature of the 
resin become higher compared to the aluminium, this is reasonable due to the hcat 
generated by the curing reaction. During the cooling stage, the rate of cooling for the 
aluminium is higher than for the resin, thus the cooling rate for the aluminium becomes 
faster. In figure 9.11 the temperature profiles of particular resin points at specific 
locations are reported. Despite the limited dimension of the bi-material strip, the 
maximum temperature difference reached during the process, within the resin layer, is 
about 15"C at t= 26 min; while the maximum conversion difference is 0.33 at 60min. 
During the isothermal dwell the maximum temperature difference is 2'C. This result 
could be associated either to the temperature gradient within the resin due to the heat 
transfer condition (a similar temperature difference value was previously obtained 
during the preliminary tests perfon-ned to check the temperature distribution into the 
chamber oven), or to the enhanced temperature lag due to the different kinetics 




























Fig. 9.11 Temperature profile as function of time for given sample positions 
- 
Figure 9.12 reports the reaction rate and the degree of conversion profiles 
corresponding to the temperature profiles as shown in figure 9.11. For both "values" the 
obtained gradient is appreciable, mainly within the time range from 0 min to 50 min. 
The thermal gradient experienced during the cure is reflected in the degree of cure 
profiles, showing a different curing profile from point to point; that condition will 
inevitably affect the material performance due to the induced "heterogeneity" of 
material properties for the resin system. Toward the end of the cure, within the region of 
the isothermal dwell, the thermal gradient and consequently the conversion gradient is 
at a minimum. 
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Fig. 9.12 Reaction rate and conversion profile as function of time for considered sample positions 
9.5 Structural Analysis 
For the structural analysis, two different types of elements were used. The aluminium 
plate (material 1) was modelled with an eight-node plane element (PLANE82) having 
elasto-plastic constant properties. Aluminium mechanical properties are reported in 
table 9.3. A specimen taken out of the oven, at the end of a typical test, is shown in 
figure 9.13, along with the black cube of highly stable dimensional material used as 
reference for the later graphical analysis. In figure 9.14 the same specimen is in the 












Fig. 9.13 Test case specimen after the tests on support plate outside the oven chamber. 
P (g/CM3) : CTE. 11 (IC-) 
2.68 23.8 
OYIELD k"P21) IP"rANG(GPa) V 
(GPa) 
70 0.33 IOE-2 40E-2 
.......... - 
Tab. 9.3 Mechanical properties for Aluminium H5052 as used for the FEM simulation 
Fig. 9.14 Test case specimen aller the tests on the support platc inside the oven chamber 
Some of the thermocouples, located around the sample on the supporting plate, 
are also visible. It is important to note that the deflection of the specimen at room 
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temperature is the visible effect of residual stress stored inside the system (aluminium- 
resin beam) during the manufacturing phase; since no ovcr-constraint is imposed, an 
equilibrium state is reached at the end of the process by the deformation of the free end. 
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Fig. 9.15 Sequence images of the bi-material test case. The bi-material strip in the oven showed a gradual 
deflection depending on the temperature change. 
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Shape evolution during standard temperature profile has been recorded with digital 
camera and sample deflections for particular points of the bcam, evaluated with an 
acquisition image software (see fig. 9.15). 
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Fig. 9.16 Schematic Flow Chart of ANSYS input file for structural simulation 
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A flow chart schernatisation of the ANSYS input file, considering as step-wise the 
software modules during each phase, is shown in the above figure (fig. 9.16). It is clear 
that the option, introduced by this version of the software used, allows both to restart the 
analysis from the previous load for updating material properties as a function of time, 
temperature and degree of cure and to discretise the analysis within the time scale. 
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Fig. 9.17 AN SYS results considering lu I ly, ý: uicd clastic I) iopcitics I oi iI ic icmn syston. 
Modelling the two materials as perfectly elastic a zero Final deflection is expected 
since the energy of the system stored during the initial temperature ramp will be totally 
released during the later cooling (if no dissipation due to the friction force is 
considered), according to elastic beam theory. Results from ANSYS simulation 
performed by setting elastic resin properties respectively Fully cured and uncured, are 
given in figures. 9.17 and 9.18. 
The curves referred to the displacement of two particular points; namely, nodc 2 and 
274 (see fig. 9.19). In both cases, the deflection of node 2 (represented with a pink line) 
is constantly zero, which means that physically the point is always in contact with the 
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Fig. 9.18 ANSYS results considering fully uncured elastic propertics Ior the resin syste", 
support plate; for node 274 (light blue line) the Y-displaccmcnt is a linear function of' 
the temperature profile, asymptotically returning to zero as the final temperature 
approaches the initial temperature. Node 274 experiences the maximum Y-dcIIcction 
during the isothermal dwell period. 
It can be noticed that during the ramping of the temperature, due to the higher 
coefficient of thermal expansion of the resin layer and to the unilateral contact with the 
support tray, the beam shows a buckling-likc d6ormation. The contact between the 
beam and the support tray was modelled by CONTA12 ANSYS elements, having an 
infinitive stiffness in compression and zero stiffness in traction. 
analysis (node "2" and node "274") are shown. 
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The position of the two particular points of the beam, considered for the analysis, is 
given in fig. 9.19. The middle point (274) is particularly important to describe the beam 
behaviour during the test as it experiences a buckling-like phenomenon. 
Fig. 9.20 
F ig. 9.20 b) 
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Fig. 9.20c) 
Fig. 9.20 d) 
Fig. 9.20 (a, b, c, d) - ANSYS results of the Y-displacement (mm) considering viscoelastic-degree of cure 
dependent material properties for the resin layer. Time scale is 0 min and 35 min. 
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In fact, due to the sliding on the support tray, the beam will curve upwards 
during the initial ramp. When the temperature is held at a constant value during the 
dwell stage, the combined effect of viscoclastic relaxation, chemical shrinkage and CTE 
changes associated with the ongoing post-cure reaction, will act to decrease the point 
deflection. In fig. 9.20 (a, b, c, d) the deformation of the beam associated with the 
buckling-like phenomena is shown as obtained by the simulation run. 
The behaviour of the beam during the whole temperature profile is depicted in 
fig. 9.21 for three main time increments. When the beam experience the buckling-like 
deformation at 12.64min; when the cooling stage starts at 268.6min; and in the last 
stage of the cooling at 327.06min, when a very high upwards deformation is 
experienced. The last picture in figure 9.21 shows the CONTA12 element represented 
by the coloured line between the left end of the beam and its initial location point. It has 
been verified that during the simulation no tensile force was developed by the clement 
modelling of the contact, therefore no artificial loads were added to the analysis to 
model the contact-constraint associated with the sample support plate. 
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Fig. 9.21 b) 
Fig. 9.21 
Fig. 9.21 (a, b, c) ANSYS results for the complete simulation considering viscoelastic-degree of' cure 
dependent material properties for the resin layer 
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The y-axis displacement vs. time for tip beam point (2) and the middle point (274) 
during the whole temperature run is shown in figures 9.22 as obtained by Lising the 
ANSYS post-processing module. From these curves it is clearly visible that the tIP 
beam point will be in contact with the support tray for the whole initial ramp and 
subsequent dwell period, as expected. A positive Y-displacement is shown only at the 
start of the cooling stage. 
Figure 9.23 the deflection considered for node 274 is reported overlaid with the 
experimental value as obtained by using the image acquisition softwarc. Good 
agreement between simulation and graphically determined value for the deflection is 
shown even though a small right-shift of the simulation results can be noticed. During 
the isothermal dwell the decreasing of the Y-displacement represents the induced effect 
of volume shrinkage associated with the last stages of the polymerisation reaction and 
also of the highly viscoelastic behaviour of the resin system at this high temperature. 
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Fig. 9.23 Comparison of recorded tests and simulation for the Y-displacement of point 274 during the 
whole temperature profile. Viscoelastic material properties were considered dependent on the degree of 
conversion reached by the resin at each load step. 
It has been evaluated that the "relaxed deflection" is 10% compared to the 
maximum value measured at the beginning of the isothermal dwell; this result is 
particularly important considering the residual stress phenomena in composite material, 
where closely packed fibres act as a tri-dimensional constraint for the rcsin. 
The aim of the FEM simulation was to evaluate the deformations induced by the 
non-mechanical load associated with the temperature changes and the effect of material 
property variations and curing shrinkage of the resin system during polymerisation. 
Experimental results from the thermal and mechanical characterisation were 
encapsulated as sub-models during the coupled thermal-structural simulation of a 
simple bi-material cantilever beam. The possibility to measure a sensible parameter to 
quantify the deformation of the element has driven the choice for this test configuration. 
W- 0 
* Y-axis deflection (EXPERIMENTS) 
-Y-axis deflection (SIMULATION) 
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Overview 
The behaviour of a bi-material cantilever bcam, consisting of neat resin and 
alummium, has been studied by considering a general temperature prorile within the 
range of analysis suitable for the resin kinetics (see Chapter 4). The experiments have 
been recorded and then later analysed to evaluate the deflection along the Y-axis of a 
particular point. The coupling effects of chemical shrinkage, different thermal 
expansion coefficients, viscoclastic conversion dependent resin modulus along with the 
complication related with the contact between the sample and the support plate were 
simulated by using a commercial Finite Element software. The numerical analysis was 
performed in two separated stages; firstly, considering the thermal problem associated 
with polymerisation reaction and, secondly, applying the obtained temperature profiles 
for each clement as a non-mechanical load for the structural simulation. Previously 
evaluated displacements for the free-end point (node 2) and for the maximum 
experienced displacement point (node 274) were compared with FEM results and 
showed a good level of agreement. 
228 
Cha er Ten: 
Conclusion and Future Work 
10.1 Conclusions 
The reported literature survey and theoretical considerations about material changes 
during the manufacturing have been used to investigate the fundamental property 
changes affecting the phenomenology of warpage and residual stresses in polymer and 
polymer composite materials. Results obtained from a variety of experimental 
techniques are required for the correct modelling of thermoset matrix based composite 
materials and for the analysis of multi-material systems. 
Residual stress fonnation. and the related warpage arise from the complex mixture of 
different forms of shrinkage and material property changes, occurring during each stage 
of the forming process and due to their complicated interactions. The most important 
result is that temperature variations, or more precisely the different thermal histories to 
which each body point is subjected during the manufacturing, play the main role in the 
problem. 
Final considerations about the results obtained during this work and presented in this 
thesis, are the following: 
Cure Kinetics, gelation and vitrification 
A very detailed cure kinetics model has been identified to monitor the evolution of 
the polymerisation reaction under different thermal conditions. Starting from the 
available theory about cure kinetics for thermosetting materials, a complete scenario of 
the polymerisation reactions occurring during the manufacturing processes of polymers 
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and polymer composites has been presented in order to highlight the main features and, 
at the same time, to introduce the experimental results. Interest has focused on the 
assumptions and the restrictions of the techniques adopted to monitor the evolution of 
the cure. A phenomenological model has been presented in a closed analytical form, 
capable to describe the degree of cure and reaction rate evolution of the studied polymer 
material for a general temperature profile. 
The model has been proven not only for the simple isothermal and dynamic thermal 
profile used for the measurements, but also for complex temperature prorilc by means of 
a cross-checking technique with residual hcat generation method and by comparing the 
glass transition temperature of the final system. Diffusion controlling mechanisms, 
which represent the predominant reaction mechanism mainly at high conversion, also 
was encapsulated in the model. The comparison with no-diffusion model was made to 
show the differences in the two cases. Good agreement has been achieved in both cases, 
isothermal and dynamic conditions, as demonstrated by the comparison of model 
predictions and experimental data (see Chapter 4). 
Standard mathematical tools and novel frontier of optimisation and best parameter 
search techniques were employed in a MATLAB v. 5.7 environment in order to 
determine the best set of parameters for the kinetics model. An introduction to Genetic 
Algorithm (GA) as valid tools to reduce the searching time for kinetics model 
parameters were presented along with the features of the type implemented by the 
author. 
Rheological measurements taken with a standard platc-plate configuration were 
correlated with results of the kinetics model to determine the gelation region. The 
vitrification region was investigated by Modulated Differential Scanning Calorimctry 
(MDSC), observing the specific heat capacity curve vs. time. Both transitions, occurring 
at different conditions of temperature and conversion, are of particular interest to 
optimise the manufacturing process. 
Thermal Pro jZerties 
Glass transition temperature, specific heat capacity and thermal conductivity were 
investigated throughout the conversion range at different temperatures. 
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For the glass transition temperature an analytical model of the type proposed by 
DiBenedetto and widely used in the scientific research of thermosetting materials, was 
adopted. The best values for the characteristic model parameter resulted in agreement 
with an equivalent model presented by a different author for similar material system. 
The model was able to follow the evolution of the glass transition temperature of the 
resin, during a general temperature profile. Model predictions for isothcnnal cure 
temperatures of 140'C and 160'C have been compared with cxpcrimcntal data, 
achieving very satisfactory conformity. 
MDSC has been used to investigate changes of specific heat capacity and to cvaluatc 
the resin thermal conductivity during the cure. In the first case, clear changes were 
observed as a function of cure time, with the typical and expected abrupt step of the 
specific heat capacity when vitrification occurs. By means of an interpolation procedure 
both CP data and kinetics were used to evaluate the evolution of the property ( CP ) as 
function of the state variables (time and temperature) during a gcncral temperature 
profile. 
Thermal conductivity measurements have revealed the important limitations of 
MDSC in the investigation of reactive system. Above the glass transition temperature 
the material inevitably still reacts, therefore the measurement, which needs to follow a 
fixed prescribed procedure, presented most of the time incongruent results. The 
measurements taken for partially cured samples presented in this work underestimates 
the real thermal conductivity values. 
Dimensional variation during the cure 
Since the main effect related to the temperature is a volume change, it becomes 
extremely important to provide the necessary experimental parameters required to 
model such dimensional variations. In the present work, the contribution of temperature 
and polymerisation reaction on the dimensional variation for the polyrncr system has 
been studied. The coefficient of thennal expansion and the cocfficient of shrinkage were 
investigated by a combination of standard and novel techniques, presented in dctail in 
Chapter 7. Relevant results have been obtained for the thermal expansion coefficient 
from thermal mechanical measurements on partially cured samples. This coetricicnt, 
generally considered to have a constant value, has been found in this study to vary with 
Th 
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degree of curc, at least within the analysed range of conversion, a oe 0.6. Tile only data 
available in the literature, for a moulding compound resin support this novel result. 
The effects of the chemical reaction on the material volume were invcstigatcd with a 
home-made liquid dilatometer. Reasonable results were obtained for the resin system 
under investigation but further measurements were also made on a different system, for 
which this kind of data were already available, namely RTM6. The obtained spccific 
volume vs. time curves for the reactive material at different temperatures, were used to 
evaluate the coefficient of shrinkage of the system. Moreover, interpolations with 
experimental kinetics data have confirmed experimentally the assumption of linearity 
between volume variation and degree of cure for this particular thermosetting system. 
The values of shrinkage found have confirmed the expectation regarding the rcsin 
system, chosen from the beginning for its anticipated high shrinkage effects. 
- Viscoelastic Mechanical Properties during cure 
During the curing process, the effective mechanical properties of the composite rcsin 
matrix change from those characteristic of viscous liquid in its uncurcd state, to those 
typical of an elastic like-solid material, when fully cured. For partially cured sample, the 
viscoelastic master curve has been drawn using the results of an accurate set of 
measurements taken by means of dynamic mechanical analyscr in a step-and-hold 
operating mode. 
The samples used for these measurements have been checked carefully with respect 
to the degree of cure uniformity and then subjected to dynamic and static mode tests. 
The static master curves have shown different principal relaxation times as function of 
the level of polymcrisation reached by the resin system. An important result could be 
drawn by considering the appreciable correlation between the glass transition 
temperature, which defines the resin structural evolution and the characteristic 
parameter of the WLF function used to fit the master curves of the partially cured 
samples. In other words, property variations of the resin havc different importance in 
the development of the stress state depending on the state of the resin. The changes 
occurring due to the temperature variations during the viscous liquid state are negligible 
in the analysis of residual stresses due to the extremely fast relaxation times of the 
system. When the material is solid-like these changes have to be taken into account to 
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model correctly the residual stresses formation and the warpage phenomenon. 
Generally, residual stresses have been investigated during the restricted stage of the 
cooling down from cure temperature to ambient temperature. For this reason we can 
assume that not only during the cooling stage but also at the end of the polymcrisation 
reaction, when the resin is going to be like a solid viscoclastic system, tile difference 
between the CTEs of the two constituents, the volumetric shrinkage occurring due to the 
cure process and structural relaxation, and also the viscoclastic character of the matrix 
properties are such as to involve constrained dimensional variation and then inevitably 
some kind of a stress state. 
Finite Element Simulation 
FEM simulation for a bi-material strip has shown that a different deformation of the 
final part could be expected if compared with traditional elastic based solution due to 
changes in temperature and due to properties variation. Relaxation in the order of 10% 
in the deformation could be expected due to the effect of both viscoclasticity and 
chemical shrinkage. 
For the considered geometry, the heat transfer and structural analysis for the test case 
can be assumed 2D. The resulting temperature gradient, developed during the curing 
process, partly vanishes as the manufacturing process progresses. The difference in 
temperature, however, determines a gradient in degree of curc, which rcflccts on the 
mechanical properties evolution. Therefore, it represents an important information to 
account for the final state of stress induced by the manufacturing process. 
The final observation, which leads to important consideration on the structural part, 
is the difference between the times at which the vitrification occurs for the each body 
points. Considering that at vitrification point, the glass transition temperature is lower 
than the actual temperature of the material, it is clear that a more complex interaction 
between adjacent materials, or in the case of composite material between the resin 
matrix and the other constituents, is to be expected. 
Final results has shown that the implemented routine allows to track the evolution of 
the resin properties during the whole thermal process, according to the heat transfer 
condition regulated by the boundary conditions. The possibility to monitor the property 
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change and to modify the boundary conditions for the hcat transfer rcprcsent an 
important tool to "design" the structural cvolution of the polymcric systcm and as 
consequence, to obtain a specific value of resin property. 
10.2 Suggestions for Future Work 
The complex network of the polymer chains, which is formed during the cure, lead 
inevitably to a very complicated evolution of all the characteristic thcrtnal-physical 
properties of the material. In the case of polymer composite materials (ribrc/matrix) but 
also in the case of bi-material system (i. e. flip chip component, made of polymer 
substrate and copper solder or for general electronic application) arc affected by the 
mutual interaction of the constituent materials. 
Throughout the course of this work many experimental and theoretical issues arose 
that would require major investigations in the future. In this section different topics for 
future work will be outlined. 
Modelling of the heat capacity, thermal conductivity, viscoelastic modulus and 
coefficients of thermal expansion would be very much of interest for the optimisation 
and control of the overall manufacturing process. Standardization procedure for the 
determination of some physical properties for the resin system could be made easily by 
using available commercial equipment, eventhough extensive experimental work should 
be done in order to define some procedure and to analyse the results in a way which 
would make them suitable for use in simulation purposes. 
As in the present work for the cure kinetics, the specific heat capacity of the resin 
could be modelled in an analytical form and compared with experimental 
measurements, however, different resin systems would be rcquircd in order to asses the 
general validity of the model. 
A more suitable technique needs to be implemented for the evaluation of thcn-nal 
conductivity during the cure for the resin system in its rubbery state. Very limited 
literature data are available at present and the more accredited technique results to be 
very expensive. 
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Future work should be focused on analysis of moduli evolution for the neat resin 
system prior to gclation and on the evaluation of composite mechanical properties via a 
micromechanical model. A general attention to the determination of viscoclastic moduli 
for the neat resin system will require extensive experimental work by using different 
techniques considering the reactive stage of the material during the manufacturing 
process (from liquid to solid like material). Important results could be achieved 
considering experimental testing on uncured liquid-like material and partially cured 
samples and then treated all data with appropriate transformation law most of the time 
not issued for their complexity. 
Two other assumptions made in the present work, could be of much interest to study 
in order to perform more realistic analysis of warpage and residual stress fortnation: the 
effect of moisture on mechanical properties along with its implications on chemical 
shrinkage; and modelling of relaxation for the matrix resin related with to 
thermodynamic aging (see references). 
The approach presented in this work could be applied for a more complex 
structure with a general geometry, in order to control the final deformation and mostly 
to "design" the appropriate parameters for the manufacturing process. Moreover, the 
procedure assures the possibility to predict the material properties evolution for any 
specific location, allowing the optimisation of the specific thermal and mechanical 
property according to the requirement of the composite part for its final application. 
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